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INTRODUCTION

As stated in the initial proposal, the Department of Biomedical Engineering has proposed
investigation of a novel biomaterial, crosslinked hyaluronan (hylan), as a substrate for cells involved in
the formation and maintenance of the matrix of soft tissues (i.e. vascular, tendon, and epidermal tissues).
This task has been undertaken by a multidisciplinary team with expertise in biomaterials science, cellular
and molecular biology, connective tissue biochemistry, structural engineering, biomechanics and imaging.

Briefly, hyaluronan is a highly anionic biopolymer comprised of a disaccharide chain (-4-
glucuronic acid-B1,3-N-acetylglucosamine-f1-) repeated thousands of times to attain an average
molecular weight of several million. It is synthesized by almost all cells and forms a structural element of
most extracellular matrices in the body. Highly purified hyaluronan has been shown to be a
biocompatible, efficacious supplement in a variety of surgical procedures, as a vitreous replacement in
eye surgery and as a synovial fluid supplement in osteoarthitis (Balazs and Denlinger, 1989; Larsen e? al.,
1995). The developer of this technology, Dr. Endre Balazs, CEO of Biomatrix and a collaborator on this
project, has now developed methods to introduce covalent di-vinyl sulfone crosslinks between hyaluronan

molecules. It is this class of hyaluronan based materials (hylans) that has been, and continues to be the

focus of this work.




TISSUE ENGINEERING OF SOFT TISSUES

Prior to this study, hylans had not been investigated as a matrix for tissue engineering. The first
step in this study was to determine the mechanical properties as well as the cellular interactions of a
variety of hylan formulations, provided by Biomatrix, Inc. (Ridgefield, NJ) as substrates for the

engineering of soft tissue replacements.

DETERMINATION OF SUBSTRATES - Project 1 (PI: Ivan Vesely)

The purpose of this project is to determine the correlation between the biomechanical properties of
hylan preparations and two parameters of the matérial, namely the concentration of hyaluronan in the
preparation and the extent of bifunctional crosslinking from the di-vinyl sulfone reagent. This aspect of
the Tissue Engineering Initiative has been carried out as an ongoing collaboration with Dr. Hascall’s lab.
Ms. Maida Ludwig, a graduate student in the Department of Bioengineering at Case Western Reserve
University, undertook this task as her research component for an MS degree, under the co-direction of Dr.
Vincent Hascall (for the biochemistry) and Dr. Ivan Vesely (for the biomechanics). Ms. Ludwig
successfully completed her MS degree this summer, and her thesis is included with this report (See
Appendix, pp. 65-143).

Several series of hylans were prepared by Biomatrix, Inc, (Ridgefield, NJ) for evaluation in our
laboratories. The following individuals have been responsible for the development and production of
hylans for this project:

. Dr. Endre Balazs, CEO

o Dr. Nancy Larsen, Director of Research
. Julie Whetstone, a research technician at Biomatrix, Inc. under the supervision of Dr.
Balazs

Each series was prepared with either a constant concentration of hyaluronan with increasing
concentrations of the di-vinyl sulfone crosslinker, or a constant amount of di-vinyl sulfone with increasing
concentrations of the hyaluronan. Except at the highest crosslinking density, the mechanical properties of
the hylan preparations precluded testing by tensile stress-strain methods because of the difficulty in
clamping ends of the pliant materials. Thus, only compressive stress-strain curves were measured for
most preparations. The compressive and tensile testing of saline-washed hylans was performed using an

Instron servohydraulic-testing machine (Instron, Inc., Canton, MA). The degree of crosslinking was




determined (via Fluorophore-Activated Carbohydrate Electrophoresis; FACE), and hyaluronan content
was also determined (via a hexuronic acid assay) for the various hylan formulations. These properties of
the polymer were correlated to the modulus of the material (Figure 1).

Test hylan samples contained between 0.05 and 3.2 mg/ml of hyaluronan (HA) and a HA/ cross-
linking agent ratio between 0.7 and 5.0. In general, HA content per wet weight of hylan decreased as the
degree of cross-linking was reduced. Compressive moduli determined at 25% strain were higher for gels
containing higher amounts of di-vinyl sulfone crosslinking reagent as illustrated in Figure 2 and Table 2.
For all hylan sample types, the compressive modulus was one order of magnitude higher than the modulus
determined via tensile testing (Table 1). The difference in compressive and tensile moduli is due to the
non-linear behavior of hylan in compression and its highly linear behavior in tension. Subjecting gels to
alcohol treatment increased the modulus of hylans one order of magnitude greater than that of saline
washed samples (e.g., 15.1 £ 4.0 kPa vs. 2.0 £ 0.5 kPa, alcohol wash vs. saline wash for the compressive
modulus; Table 1). Alcohol washing increases the rigidity of hylan and roughly doubles the modulus
(Table 1). In direct comparison with other materials, the tested hylan samples have moduli two orders of
magnitude less than that of the highly elastic native heart valve cusps (600-1000 kPa) (Table 3, see also
Project 4).

Sections 4.1-4.5 of the thesis (see Appendix, pp. 121-4) summarize the biochemical analyses. The
results indicate that the hexuronic acid assay can provide a reasonable estimate of the hyaluronan content
in weighed samples of the hylan preparations. In the hyaluronidase treatments, preparations with lower
crosslinking were completely solublized by the digestion protocol. The products were fluorotagged and
displayed on FACE gels, which revealed bands characteristic of bifunctional and monofunctional
crosslinks (see Fig. 3-1, see Appendix, p. 104). The disaccharide digestion product is the only band
present in the original hyaluronan preparation, and its content in the crosslinked preparations provides a
measure of the mass of the polymer in unsubstituted regions. Some preparations were made with
radioactive di-vinyl sulfone, and FACE analyses of these preparations were used to confirm the bands
resulting from the crosslinks. However, hylan preparations with higher crosslinking density were not
completely solubilized by the hyaluronidase. In these cases, the proportion of unsubstituted hyaluronan is
much less, and stretches with multiple crosslinks most likely create a network that retains much of the

polymer in an insoluble form.
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gels. A lower ratio indicates a higher level of cross-linking, which provides greater strength to
the material [Ludwig, M.A., 2000].




Testing

Modulus, 10% Strain

Modulus, 25% Strain

Sample Method
Mean (kPa) |Std. Dev. |Mean (kPa) [Std. Dev.
B170-1.8 Tension 0.4 0.32 0.54 0.23
B170-1.8 |Compression 2.03 0.47 2.77 0.34
B173-1.8 Tension 7.13 0.93 8.15 0.69
B173-1.8 |Compression 15.11 3.98 45.64 22.06

Table 1. Comparison of elastic moduli determined by differential testing methods for

saline-washed (B170-1.8) and alcohol-washed (B173-1.8) hylan gels. For
both gel types, the HA to crosslink ratio was 1.8 [Ludwig, M.A., 2000].

Hylan B173 (Alcohol-washed hylan) tensile test

Modulus, 25%

Sample Strain (kPa) Failure Strain (%) Failure Stress (kPa)
B173-0.7P 18.90 +1.31 114.58 + 15.96 20.99 *+ 3.69
B173-1.4P 5.23+£3.10 154.80 £ 16.45 21.65+2.42
B173-1.8P 1.84 +0.88 129.48 £20.54 14.00+£5.93

Table 2. Comparison of mechanical parameters for alcohol-washed gels as a function
of the degree of cross-linking. Gel nomenclature indicates HA to crosslink ratios
[Ludwig, M.A., 2000].

Modulus
Specimen (kPa) Source

Human Abdominal Skin 1to2 Bader & Bower, 1983
Hylan (Saline Wash, High Crosslink)* 10 Experimental Results
Hylan (Alcohol Wash, High Crosslink) 19 Experimental Results
Collagen Gel, 2.2 mg/ml 20 Experimental Results
Collagen Gel, 3 mg/ml 40 Osborne, 1998
Elastin 600 Fung, 1993
Collagen (along fiber) 1,000,000 Fung, 1993

Table 3. Comparison of moduli for various biomaterials and biological tissues.

* Determined via compression testing; all others tested in tension
[Ludwig, M.A., 2000].




Significance

Hylans show non-linear behavior similar to native valvular tissues. While the strength of gels in
the present form is insufficient for their use as primary tissue replacements, they have sufficient properties
to serve as a substrate for cell culture, as an epidermal replacement or other applications that do not
require a high modulus of elasticity. This aspect of the project is discussed in greater detail later in this
report (Project 4). Further chemical/structural modifications of hylan gels are necessary to improve their
strength. It is believed that some of these compositional changes will also lend properties more
advantageous to cell attachment and proliferation. Additionally, we believe that gel reinforcement via
synthesis of a collagen and elastin-rich matrix by attached cells can contribute to added gel strength
and/or elasticity. The mechanical properties of the current hylan preparations fall short of levels which
would be satisfactory for long term use in cell culture models, in which controlled, variable strain would
be a parameter under study (Projects 3, 4, and 5).
Future Work

In summary, Project 1 has met the objectives of measuring the mechanical properties of several
series of formulations, and has developed methods to measure the concentration of hyaluronan in the
preparations as well as important parameters relating to crosslink structures and crosslink density. To
date none of the formulations has optimal mechanical properties for meeting some of the objectives in
other Projects in the overall proposed study. The highest crosslinked hylans have properties approaching
those desired, and we will continue to explore additional materials in this range. Some methods to be
investigated for the improvement of the hylan matrix are increased concentrations of hyaluronan and
increased levels of crosslinking. The use of radiolabeled di-vinyl sulfone will also be explored to provide
an alternative method for evaluating the degree of crosslinking in formulations that resist digestion with

the hyaluronidase.




KERATINOCYTE MODEL - Project 2 (PI: Vincent Hascall)

The ability of the rat epidermal keratinocyte cell line to form an organotypic epidermis on a
collagen substrata directly or on a basement membrane-coated collagen substrata has been fully evaluated
and the results published this year (see Appendix, pp. 144-156). The morphology of the epidermis with
the underlying basement membrane is indistinguishable from that of a thin murine epidermis in vivo, with
hemidesmosome attachments and a smooth plasma membrane interface. Thus, the model is well
established for the experiments proposed in this project.

Several attempts were made to culture the keratinocytes on various hylan preparations. In each
case, the cells were unable to attach to the material properly with the most common result being clusters
of cells adhering primarily to each other. This indicates that the basal surface of the basal cells will not
anchor properly on the hyaluronan surface of the material. This may inhibit cell division and prevent
subsequent differentiation and stratification. As for the studies with aortic smooth muscle cells in Project
4, surface modification of the hylan preparations will be necessary to meet some of the objectives of this
project.

Future Work

Dependent upon the outcome of the modifications in Project 4, we will initiate cultures of
keratinocytes on hylan preparations that prove satisfactory with the smooth muscle cells. We expect that
preparations conditioned with basement membrane molecules such as laminin will prove feasible. In the
meantime, experiments to define the role of hyaluronan in the differentiation and stratification of the

keratinocytes will continue.
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VASCULAR ENDOTHELIAL CELL MODEL - Project 3 (P1: Hiroaki Harasaki)

Vascular grafts smaller than 6 mm in diameter fail prematurely due to thrombosis and intimal
hyperplasia. Endothelialization appears to be critical to their long term patency and success. Endothelial
seeding of vascular grafts has shown inconclusive results mainly due to poor adhesion and resultant
detachment of endothelial cells under flow. It was initially hypothesized that hylans possessing a surface
coat of collagen type IV, a component of basement membrane, will provide a substrate for endothelial cell
(EC) seeding. The focus of this project is to develop and optimize the seeding technology and its
evaluation in vitro. In an actual application of this approach in a vascular graft configuration, itis
required that either the graft is completely covered by a confluent layer of EC or, if the endothelialization
is incomplete, EC used for seeding is altered to promote its antithrombogenic properties to minimize
initial surface thrombus formation. We took an approach to genetically alter the capillary-derived EC to
over-express nitric oxide (NO). NO is know to improve the blood compatibility of EC by suppressing
platelet aggregation. It is also known that NO relaxes smooth muscle contraction and prevents vascular
smooth muscle cell (SMC) proliferation. Work is in progress to transfect EC with pSPORT-NOS using
viral and non-viral vectors. EC thus transfected showed in vitro a significant suppression of platelet
aggregation and SMC proliferation (Kaderr et al., in press). The retention rate of transfected EC is being
studied under flow using conventional vascular graft materials as the substrate.

As stated in Project 1, the mechanical properties of the current hylan preparations fall short of
levels which would be satisfactory for long term use in cell culture models in which controlled, variable
strain would be a parameter under study (i.e. evaluation under flow, as in this study). For this reason,
appropriate development work is being carried out in parallel until the hylan formulations have been
optimized.

As a result of this limited mechanical property of current hylans, a composite graft approach
should be sought for in the develdpment of vascular grafts. The inertness of unmodified hyaluronan is an
attractive characteristic to prevent SMC proliferation when it is used as a layer of a composite,
multilayered vascular grafts. One of the leading causes of graft occlusion in the chronic phase of
implantation is SMC proliferation, preferentially occurring at the anastomotic sites. The origins of SMC
are two folds; transmurally from the tissue capsule formed around the graft and directly from the native
arterial stump through the anastomosis. The hyaluronan layer used as a subendothelial cell layer could

prevent SMC proliferation due, at least, to the former mechanism. This hyaluronan layer will be
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supported outside by a substrate of a sufficient mechanical strength, such as an e-PTFE or woven Dacron
graft.

As an alternative, we have tested the feasibility of locally delivering nuclear factor kappa-B (NF-
kB) antisense oligodeoxynucleotide (ODN) to inhibit SMC proliferation (Collaboration with Prof. R.
Bellamkonda, Department of Biomedical Engineering, Case Western Reserve University). NF-kB
expression is essential for SMC activation and proliferation, and it has been shown in vitro that antisense
ODN to NF-kB actually inhibit SMC proliferation. We have developed the poly (DL-lactide co-
glycolide) based drug delivery system in an injectable form. Dr. Bellamkonda’s group has also developed
a lipid microcylinder system as a vehicle as a means of local drug delivery. This system is consist of
helically wrapped bilayers of diacetylenic lipid, 1,2-bis (tricosa-10, 12-diynoyl-sn-glycero-3-
phosphocholine. These delivery systems have been shown to be usable for NF-kB antisense ODN and are
available for animal experiments of vascular grafts with EC lined hyaluronan surfaces.

Future Work '

The personnel and methods necessary to begin this project are currently in place. As soon as a
suitable hylan substrate is identified through the efforts of Dr. Vesely’s lab (Project 1), EC seeding will be
commenced. Additionally, careful attention will be paid to the outcomes of Projects 2 and 4, as they
assess and optimize surface pretreatments necessary to facilitate successful cell attachment to the hylan
substrates. While awaiting the progress in Projects 1, 2, and 4, an independent effort will be made to
develop the gene therapy for EC over expression of NO. Additionally, we will begin the development of
a prototype composite vascular graft. As a final progression of this project, the application of endothelial
cells seeded on this substrate onto various vascular grafts will be evaluated in vivo in our well established

dog carotid artery interposition model (Uchida, et al., 1993).
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AORTIC SMOOTH MUSCLE CELL MODEL - Project 4 (PI: Ivan Vesely)

The overall objective of this sub-project is to develop suitable biological substrates for fabrication
of a composite artificial heart valve. The goal is to develop a viscoelastic, mechanically anisotropic
material, populated with cells, using tissue-engineering principles. Hylan is a versatile and highly
biocompatible biopolymer formed by crosslinking the connective tissue component hyaluronan. It is
therefore a potential candidate for use as cellular scaffolds. Dr. Vesely’s lab has extensive background
with smooth muscle cells for use in the development of bioartificial heart valves. For this reason, the
defined neonatal rat aortic smooth muscles cells (NRASMCs) used in his work were an obvious choice to
evaluate cellular interactions with hylans. Information gathered from these studies may then be applied to
future work with other cell lines/types. The multifaceted approach towards evaluating hylans as cellular
scaffolds for tissue engineering encompasses the following specific aims:

Aim # 1. Develop a system for generating highly elastic matrices via long-term cell culture in

vitro.

Aim # 2. Investigate the feasibility of cell attachment and proliferation on untreated and modified
hylan substrates. Additionally, assess material reinforcement via extracellular matrix
synthesis by attached cells, in static or dynamic systems. Our primary objectives are
being realized via knowledge gained from several independent but closely associated
studies as stated above. The results of each study are summarized below.

Aim #1. Development of Elastin-Rich Substrates

Collagen, elastin, and glycosaminoglycans (GAGs) are the primary structural components of
valvular tissues. We are in the process of developing a system for in vitro cellular synthesis of natural
polymers that would possess strength and compliance similar to native tissues. We have made significant
progress in determining the factors and the conditions necessary for stimulating cells to synthesize large
quantities of insoluble (cross-linked) elastin. The ultimate goal is to attain a highly aligned matrix/sheet
of elastin fibers possessing the desired level of strength and compliance.

For this study, we selected neonatal rat aortic smooth muscle cells (NRASMCs) as the source of
elastin since they synthesize elastin prolifically. A protocol was developed for harvesting smooth muscle
cells from aortic explants from 3-day old rats (Harlan Srague-Dawley, Indianapolis, IN). Primary cell
cultures were established and passaged repeatedly to establish numerous colonies of cells. We quantified
the total elastin synthesized by cell cultures (passages 3-11) over culture periods ranging from 1- 5 weeks.

Cells synthesize soluble tropoelastin, and insoluble elastin, which is deposited into the extracellular

13



matrix. In view of the goals of our study, we are interested in maximizing the synthesis of insoluble
elastin. A protocol was developed for sequential assays of cell layers for analysis of cell numbers (via
DNA Analysis), collagen synthesized by smooth muscle cells (via hydroxyproline assays) and the
measurement of soluble and insoluble elastin. Elastin was measured using a commercially available
Fastin-Elastin assay (Biocolor, Ltd., Belfast, N. Ireland). In the absence of specific growth
factors/vitamins influencing elastin synthesis (control), we determined that a major fraction of elastin
synthesized was released into the medium as soluble tropoelastin. Control cultures produced
approximately 0.5 ng of insoluble elastin per cell over a period of 3 weeks. The production of soluble
tropoelastin during the same period ranged between 1.3 and 3 mg/ml.

In an attempt to drive elastin synthesis towards generation of insoluble elastin, we have initiated
controlled studies wherein specific growth factors were added as additives to the culture medium. The
factors added include transforming growth factor-p (TGF-), retenoic acid, interleukin-1p, vitamin C, and
copper as Cu?*. Specifically, we expect to determine the effect of addition of growth factors on
extracellular matrix development and cell proliferation. Our experiments strongly suggest that in the
presence of Cu®* jons (2.5-5 pM) crosslinking of soluble elastin is promoted. Over 3 weeks, cell cultures
with 5 uM Cu®* generated 2.8 times more insoluble elastin than control cultures.

The structural form of elastin secreted into the extracellular matrix is of importance in determining
the mechanical properties of tissues. Insoluble elastin appears either in an amorphous form or is highly
organized as fibers. Elastin fibers are made up of highly crosslinked elastin fibrils and provide greater
elasticity to the tissue. In contrast, amorphous elastin is weakly crosslinked and can be solublized
relatively easily. We subjected our cell layers to transmission electron microscopy (TEM). The TEM
images confirm an increased deposition of insoluble elastin in the presence of Cu?* (Figures 3a. and b.).
Additionally, most of the extracellular elastin is in the amorphous form. In contrast, a TEM image of the
ventricular layer of porcine aortic valve cusps shows organized elastin fibers (Figure 4). Accordingly,
future work in this area will focus on the study of mechanisms involved in the crosslinking and fibrillation
of extracellular elastin. Over the last few months, we have also developed and optimized protocols for
visualization of elastin within tissues, or in cell layers. Figure 5 shows a confocal image of a 3 week-old
layer of smooth muscle cells cultured on glass slides. Immunohistochemical techniques (fluorescent-

labeled antibodies) were used to identify cellular actin, nuclei, and extracellular elastin. Significantly,
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Figure 3a. TEM of neonatal rat aortic smooth muscle cell layer (4600x). Cells were cultured for
3 weeks. A very low percentage of the elastin synthesized by the cells is present in
the form of insoluble elastin.

Amorphous (Insoluble)
Elastin

Figure 3b. TEM of neonatal rat aortic cell layer showing the presence of amorphous (non-
fibrillar) elastin. Cells were cultured for 3 weeks in the presence of 5 uM Cu”" in the
culture medium. Copper promotes crosslinking of elastin synthesized by cells and
renders it insoluble. Magnification: 13,000x.
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Fibrillar (Insoluble)

Flastin

Collagen Fibrils

Figure 4. TEM of ventricular layer of porcine aortic valve cusp (6000x). Photograph indicates
the substantial presence of highly oriented fibrillar insoluble elastin. Collagen fibrils are
also seen. The significant elastin content is responsible for the highly elastic nature of
this layer.

Actin Filaments

Elastin

Nuclei

Figure 5. Confocal microscope image of neonatal rat aortic smooth muscle cells cultured on glass
slides for 3 weeks in the presence of 5 uM Cu**. Immunohistochemical techniques
were used to label cellular actin (Alexa 488 Phalloidin), extracellular elastin (Texas
Red) and nuclei (DAPI). Image shows significant synthesis of insoluble elastin
(partially in fibrillar form). Magnification: 200x.
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cells cultured on glass slides synthesize elastin of which a significant fraction is organized into fibers
(Figure 5).
Significance

NRASMC:s were demonstrated to synthesize large amounts of elastin, as previously shown.
However, we determined that a low fraction of synthesized elastin is incorporated as a structural
component of the extracellular matrix. Culturing cells in the presence of copper ions and other growth
factors/stimulants can significantly enhance insoluble extracellular elastin production. The importance of
this study lies in the determination of factors influencing insoluble (structural) elastin synthesis. Such
knowledge is useful in manipulating culture conditions so as to replicate the elastin chemistry and
structure in native aortic heart valve cusps.

Aim #2. Investigate hylans as scaffolds for cell attachment and proliferation

Previously, aortic valve interstitial cells were shown to have considerable biosynthetic activity in
some animal models [Mulholland and Gotleib, 1996]. Further, the degradation or absence of structural
tissue components such as collagen and glycosaminoglycans in human aortic valve allografts and even
xenografts has been related to post-implantation acellularization of tissues. Thus, our rationale for having
viable cells in/on a material to be implanted at the site of a heart valve is based on the above two
arguments. The objectives of this study were to investigate the conditions necessary for cell attachment,
proliferation, and matrix synthesis on several different hylan gel formulations, obtained from Biomatrix,
Inc. These included particulate hylan gels (B10, JB21 G, JB21D), solid saline-washed gels (B181-B,
B186, B190), and solid alcohol-treated gels (B181-C2). In the hydrated state, these gels contained up to
1.5% (w/v) of HA and the remainder, water. The particulate gels were provided in the form of dehydrated
films and were reconstituted with serum-free culture medium. These gels contained uniform hylan
particulates ranging in size between 460 and 1060 microns. Saline-washed solid hylans were optically
clear and ranged in thickness between 5 an 8 mm. As discussed previously (Project 1), some gels were
also washed with alcohol to provide greater stiffness.

Prior to cell seeding, gels were equilibrated overnight with serum-free culture medium (DMEM.:
F12, Gibco Laboratories, Rockville, MD). Gels were then sectioned into round pieces, each 1.9 cm? in
area and introduced into wells of a 24-well plate. 20 x 10° cells (passages 3-5) were seeded per well and
cultured in the presence of DMEM: F12 containing 10% (v/v) fetal bovine serum. Initial studies

conclusively showed that untreated hylans, irrespective of their formulation, did not support attachment or

17




viability of cells. Accordingly, subsequent to equilibration gels were surface-coated with known cell
adhesion proteins including collagen I or collagen IV, fibronectin, fibrinogen, reconstituted extracellular
matrix gel or laminin. Protein concentrations in bulk suspensions ranged between 10 and 100 pig of
protein /100 pl. NRASMCs were then seeded on the gel surface and cultured for up to 21 days.
Irrespective of the coating concentration, fibrinogen did not promote cell attachment to the hylan. This
may have been either due to ineffective adherence onto the hylan surface or failure of cells to recognize
the agonist. Cells on particulate gels appeared irregularly shaped (ECM gel, fibronectin and laminin), or
highly spread (collagen I, IV). For all treatments, gel surfaces were confluent with cells by 2 weeks
(Figure 6). Cells attached on solid gels were mostly rounded although spread cells were also observed on
gels treated with collagen type I or ECM gel (Figure 7). Figure 8 contrasts the highly spread nature of
smooth muscle cells attached on collagen I-treated hylans with the normal phenotype. Cell attachment
was quantified using the MTT assay, described previously [Miller and McDevitt, 1992]. Briefly, this is a
spectrophotometric assay based on release of a blue formazan product by the mitochondria of live
attached cells on exposure to MTT (3-(4,5-dimethylthiazol-2-y1)-2,5-dipheny! tetrazolium bromide)
reagent. Cell attachment was found to depend on bulk protein concentration and the type of adhesion
protein. At four weeks, cell attachment on particulate gels coated with Collagen type I, ECM, laminin,
and fibronectin was enhanced by 2.7, 4.2, 3.0, and 2.6 times respectively over attachment at one week [n
= 3] (Figure 9). On solid gels, cell counts were similar at one and two weeks for all pretreatments except
with ECM where cell attachment was enhanced to 1.9 times (Figure 10). This suggests that cells attach
but do not proliferate on treated solid hylan gels. Further investigation is necessary to determine if the
failure of cells to proliferate on solid gels is related to the inefficient deposition of adhesion protein prior
to cell seeding. In the experiments performed, cells attached to all non-collagen treated solid gels did not
survive beyond 3 weeks. We also performed a short-term study to investigate if protein treated alcohol
washed gels respond favorably to cell attachment. Preliminary results indicate that cell attachment on
alcohol-washed gels is similar to those on the solid gels for similar protein pre-coats (Figure 11). Further
long-term culture studies on all the above hylan formulations are currently in progress.
Significance

The results obtained clearly indicate that smooth muscle cells may be successfully cultured on
hylans. Cell attachment and multiplication was most prolific on particulate hylan gels, possibly due to
their comparatively rough surface, which promotes protein adherence and provides greater anchorage for

attaching cells. For the same reason, we think cells attached on such gels show a highly spread
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morphology. In contrast, solid gels have relatively smooth surfaces, which may not provide sufficient
anchorage for cells. However, the current study clearly demonstrates that cell-hylan composites show
promise towards the successful development of bioengineered materials.
Supporting work

In the past year, we have also initiated a study to develop non-leaflet tissue components of heart
valves. In specific, we are attempting to engineer a bioartificial replacement for mitral valve chordae.
Chordae are collagenous bundles that connect the mitral valve cusps to the aortic root and prevent
ballooning of leaflets during ventricular systole. The longitudinal orientation of collagen fibers in
chordae is crucial to its mechanical strength. Although not a part of the original grant proposal, we
mention this study due to its relevance to tissue engineering of heart valve leaflets. A collagen sheath was
reconstituted from acid-soluble collagen type I (rat tail) in an in vitro device wherein the ends of the
sheath were attached to porous holders by fibrillar entrapment. Human fibroblasts or neonatal rat aortic
smooth muscle cells were seeded within the collagen sheet. Sheath contraction (due to cell attachment
and elongation) in the axial direction was restricted due to attachment to the holders. Accordingly, the
collagen sheath tended to contract along the transverse axis. Our goal was to investigate if application of
unidirectionally oriented mechanical stresses can promote unidirectional cell alignment and thence
production of extracellular matrix proteins. Thus, we hope to develop highly oriented composites
resembling mitral valve chordae in structure and function. Our initial studies show that upon application
of axial constraints cells are stimulated to proliferate and align themselves in the axial direction and also
synthesize collagen oriented similarly. Through this study, we hope to understand the kinetics of matrix
contraction and the parameters influencing the process. The device developed here for studying matrix
alignment will be adapted to studies of hylan-cell composites in the following year. We expect to
reinforce the composites by guided cellular synthesis of extracellular matrix and thus improve upon their
mechanical properties.
Future Studies

Our immediate aims are to carry out long-term (> 4 weeks) culture of smooth muscle cells on
hylans and to perform qualitative and quantitative analysis of the extracellular matrix synthesized by
attached cells. We plan to attempt micro machining of surface irregularities on solid hylans so as to
provide greater anchorage for cell attachment and spreading. This would relevant since solid hylans are
preferable to particulate hylans as implant materials from a mechanical standpoint. Once characterization

of extracellular matrix on hylans (in a static system) is complete, we plan to develop a device for
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investigating guided matrix synthesis and gel reinforcement by application of uniaxial strain. We have

already initiated a parallel study to investigate cell attachment and proliferation within rather than on

hylan gels. The ability of cells to populate and metabolize within hylans is expected to lead to the

development of bioartificial composites much more closely reserﬁbling native heart valve cusps.

Infrastructure

o Hired part-time student in spring of 1999 to establish tissue culture facilities at our laboratory.

e Hired one postdoctoral fellow in September 1999 to take on the development of hylan technology.

e Hired a doctoral student for 6 months to initiate elastin-based research (Aim #2).

e Currently 1 full time and 5 part-time (students/ summer interns) are engaged in tissue engineering in
our laboratory.

e We have developed active research collaboration with several personnel within the Lerner Research
Institute, The Cleveland Clinic Foundation. They include:

o Judith Drazba, Ph.D.- Director Imaging Core
o Carol de la Motte, M.S. — Technician, Department of Colorectal Surgery
o Kathleen Derwin, Ph.D. — Project Staff, Department of Biomedical Engineering

o Vincent C. Hascall, Ph.D. — Director, Connective Tissue Biology, Department of Biomedical
Engineering

o Jim McMahon, Ph.D. — Division of Pathology

Conclusions

Our work over the previous year has shown that gels based on cross-linked hyaluronan (hylan) are
suitable materials for development of biological implants. The mechanical properties of hylans make
them suitable for the development for epidermal replacements and non-stress intensive physiological
applications. However, further chemical/structural modifications are necessary to enhance their
stiffness/elasticity for use in the development of heart valve tissues. Developing a cell-hylan composite
wherein the gel is strengthened by elastin and collagen secreted by cultured cells is one method of
reinforcing the material. We have identified the conditions under which neonatal rat aortic smooth
muscle cells prolifically synthesize elastin or collagen in large quantities. We have also shown that such
cells attach and proliferate actively on hylan gels treated with cell adhesion proteins. The results of this

work are of prime importance in the development of bioengineered materials based on cell-hylan

composites.




TENDON CELLS - Project 5 (PI: Kathleen Derwin)

We have proposed to establish in vitro culture models of tendon fascicles and cells to investigate
various metabolic parameters and their relationship to the mechanical loading environment. The first step
in this investigation has been to establish baseline properties of native tendon tissue in the selected animal
model. To date, our efforts have focused on flexor digitorum superficialis (FDS) tendons in a caniné ex
vivo model. After determination of their baseline parameters, we have proposed establishing cultures of
primary tendon explants under no load or subjected to static and dynamic tensile loads, according to
established protocols (Hannafin et al, 1995). As a final progression, we have proposed the development
of bioartificial tendon analogs comprised of isolated primary fibroblasts cultured on and within hylan
scaffolds (see Project 4). Baseline parameters for these analogs will also be determined and compared
with those of native tendon tissue. These tendon/cell composites will also be subjected to the same

loading protocols as the primary tendon explants, and the effects of mechanical loading will be evaluated.

Establishment of Primary Tissue Ex Vivo Model

Canine pelvic limbs have been retrieved from male, mongrel dogs (25-30 kg) at the time of
sacrifice. These animals were obtained from animals in an approved but unrelated study at The Cleveland
Clinic Foundation (“Anesthesia and Pulmonary Vascular Signal Transduction”, Dr. Paul Murray,
Anesthesiology, NIH Award HL38291-14). For all preliminary studies, the distal third of the FDS tendon
was investigated. Specifically, the four tendon branches from the region of the tendon between the distal
tarsal bones and the metacarpophalangeal joints were utilized (Figure 12). We have adopted the
terminology medial outer (MO), medial inner (MI), lateral inner (LI), and lateral outer (LO) to described

fhese four tendons based on their anatomical location.

Determination of Baseline Properties

Several techniques have been developed to determine the baseline properties of FDS tendon
explants. These procedures will also be applied to evaluate the effects of mechanical load on tendon
tissues and cells in future aspects of the proposed project.
Dissection

Tendon segments were isolated from the hindpaw of a single mongrel canine (n=8) and cleaned of
any attached muscle and sheath material with the aid of a stereomicroscope. Based upon visual
inspection, a 3.5 cm length of uniform tendon tissue could be harvested form the mid-region of the

isolated tendon segments (Figure 12C, 12D).
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Geometry
Isolated tendons were mounted in a device that allowed them to be tensioned and rotated about

their long axis while viewed under a stereomicroscope (Figure 13). Calibrated cross-sectional images of
each tendon segment were captured and used to compute a cross-sectional area. Results demonstrated that
inner FDS tendons were significantly larger in cross-section (4.4 + 0.2 mmz) than outer tendons (2.3 £ 0.2
mmz).
Water Content

Cleaned tendon segments (as described above) were blotted and weighed on an analytical balance
(n=8). The segments were then dried at 60°C for 48 hours and reweighed. Water content was determined
by calculating the percent decrease in weight due to drying. Results demonstrate that the water content of

outer and inner FDS tendons was similar. The average water content of FDS tendons was 64.5 + 1.0%
(Table 4).

Hydroxyproline Content

Cleaned tendon segments (as described above) were dried at 60°C for 48 hours and weighed (~10
mg dry). Hydroxyproline content was determined from these dried segments using a standardized
spectrophotometric technique (Stegeman and Stalder, 1967) using a SpectraMAX Plus microplate reader
(Molecular Devices, Inc., Sunnyvale, CA). From these results, collagen content was calculated based on
the premise that hydroxyproline is solely derived from collagen, and that it represents 13% of this protein
by weight (Cetta et al, 1982). Results demonstrated the hydroxyproline and content of outer and inner
FDS tendons was similar. The average hydroxyproline content of FDS tendons was 97.2 + 6.6 pg/mg dry
wt. (Table 4) which translates to a collagen content of 747.6 = 51.1 ug/mg dry wt (74.8%).

Table 4. FDS tendon biochemical and mechanical properties (mean =+ s.d.)

FDS tendons (n=8)
Water Content (%) 64.5+1.0
Hydroxyproline Content (ng/mg dry wt) 97.2+6.6
S-GAG Content (ug/mg dry wt) 0.33+.10
Failure Stress (MPa) 76.7 £16.6
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Flexor digitorum
superficialis

EXPLANT REGION

7/

Flexor digitorum
superficialis

Flexor digitorum
profundus

Figure 12. Anatomy and dissection of canine FDS tendons. (A) Lateral view of the canine hindpaw
depicting the flexor digitorum superficialis (FDS) tendon. Arrows denote region of tendon
used for preliminary studies. (B) Palmar view of canine hindpaw with the four branches of
the FDS tendon exposed. (C) An isolated FDS tendon segment (D) Two FDS tendon
segments after being cleaned of muscle and sheath material and cut to 3.5 cm in length.

Figure 13. Gripped tendon mounted into device for cross-section viewing under microscope
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Sulfated Glycosaminoglycan (S-GAG) Content

Cleaned tendon segments (as described above) were dried at 60°C for 48 hours and weighed (~10
mg dry). The sulfated glycosaminoglycan content (S-GAG) of the dried tendon segments was determined
using fluorophore-assisted carbohydrate electrophoresis (FACE) technology (Calabro ef al., 2000). FACE
analysis of FDS tendons is shown in Figure 14 where ADi2S has been added as a standard. (Previous
studies have indicated that FDS tendons do not contain measurable amounts of endogenous ADi2S).
Results demonstrate that ADi4S is the predominant disaccharide present in the chains, although small
amounts of ADi6S were also present. Digital analysis of the FACE gel allowed the amounts of each
saccharide product to be quantitated. The S-GAG content of FDS tendons was defined as the sum of the
ADi4S and ADi6S products and averaged 0.33 .10 pg/mg dry wt (Table 4).

Mechanical Properties

Tendon segments were placed into grips (Figure 15A) and their cross-sectional area determined as
described above. Tendons were then immediately transferred to an Instron 5543 materials testing machine
(Figure 15B, 15C). Tendons were initially mounted in a slack position, and a nominal preload of 2 N was
applied. The specimens were then subjected to 5-10 cycles of preconditioning between 0 and 0.5 mm at
10 mm/min. Following pre-cycling, the “zero-point” or the position where the specimen is just about to
resist load was manually determined. Specimens were then immediately tested to failure at 10 mm/min.
During the procedure, tendons were kept moist with culture medium as required. Typical preconditioning
and failure curves for FDS tendons are shown in Figure 16. In all cases, tendons achieved stable
hysteresis curves in less than 10 cycles of preconditioning. Loads were normalized by the initial specimen
cross-sectional area of each tendon in order to compute stresses. The stress at failure was similar for inner
and outer FDS tendons and averaged 76.7 + 16.6 MPa (Table 4). However, it is noted that all specimens
failed at the grip region. Therefore, the measured failure stresses likely underestimate the actual tensile

strength of the material.

Future Work

Currently, we are fine-tuning the protocols for the above-mentioned assays and will use these
techniques to evaluate the effects of mechanical load on tendon tissues and cells in future aspects of the
proposed project. Further, we have begun to investigate methods for sterile tissue harvest and gripping

the tendon explants in organ culture. Design of a device to apply in vitro loads to tendon explants in
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Figure 14. FACE analysis of canine FDS tendons allows for determination of the sulfated
glycosaminoglycan content (1= Endogenous glucose and hyaluronic acid were largely
removed during sample preparation; 2= FDS tendons contain undetectable amounts of
endogenous ADi2S, hence it was added for quantitation).

Figure 15. (A) Isolated tendon mounted onto custom grips. (B) Device used to transport and mount the
gripped tendon sample onto the Instron. (C) Tendon mounted onto Instron 5543 materials
testing machine (Instron, Inc., Canton, MA).
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Figure 16. Typical (A) preconditioning and (B) failure curves for FDS tendons.
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organ culture is underway (See Engineering Analysis and Prototype Support Facility). This model system
will allow us to study directly the effects of physical forces on tendon cells in which the spatial
relationship of the cells with their extracellular matrix is maintained. We are also developing procedures
for tendon cell isolation and cell culture. We will soon begin to culture cells on hylan and collagen gels
and investigate the effects of mechanical loads on isolated cells. We intend to investigate tendon cell
adhesion to hylan material containing various water contents. Further, we will investigate the possibility

of using tendon cell-collagen constructs within hylan tubes for in vivo tissue engineering applications.

Infrastructure
. I started my position at The Cleveland Clinic Foundation coincident with the submission of
this proposal (Summer 1998). Since that time, I have spent considerable effort establishing
my laboratory.
. I have purchased specialty equipment necessary to facilitate both biological and

mechanical testing assays (i.e. SpectraMAX Plus Spectrophotometer, Instron 5543
materials testing machine with accompanying software and non-contacting video
extensometer system).

. I have hired 2 technical support staff, one of whom is specifically devoted to this project.
. I have taken on 2 graduate students, whose projects will draw directly from this research
program.
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EVALUATION OF ENGINEERED SOFT TISSUES - Project 6 (P1: Brian Davis)

The scope of this project was to develop means for the evaluation of the mechanical properties of
engineered soft tissue constructs. It was initially proposed that these methods would be evaluated using
skin of normal subjects and burn victims (of various age groups, various anatomical sites) via
spectroscopic autofluorescence and video imaging techniques, the purpose being to evaluate changes that
occur due to the natural aging and location on the body in the normal subjects. The burn victims would
provide information about the differences, if any, between normal and regenerated skin. However, this
project was disapproved by the Department of Defense, as they and the Cleveland Clinic Foundation were
unable to resolve issues of patient injury liability associated with the study of live subjects. For this
reason, a secondary proposal for this project was submitted on March 24 ™ 2000.

The second proposal involved the use of cadaveric tissue to eliminate the liability issues
associated with the initial proposal. The same technique of laser fluoroscopy as initially proposed will be
employed in this study. Previous studies (Jurgens ef al., 1995; Pierard and Lapiere, 1977) which have
assessed mechanical properties of skin, have not related physiologically relevant skin properties to data
collected via non-invasive optical methods. By employing cadaveric tissue samples, autofluorescence
data could be collected from a specimen, which could them be subjected to mechanical testing. Both sets
of parameters can be obtained from the same specimen in this manner.

In addition to the change in tissue source with the second proposal, the focus was shifted as well.
Rather than examining regenerated skin in burn victims, the effects of aging in normal skin versus the
effects of diabetes was proposed to be investigated. Despite this shift in focus, the same methods of laser
fluoroscopy and video imaging techniques would still be employed.

' Despite the change in protocol to the use of cadaveric tissue, this protocol still was not approved
for use by the Department of Defense. In the second submission, the tissue source was identified as the
Cooperative Human Tissue Network, Western Division, Case Western Reserve University (CWRU,
Cleveland, OH). Persons reviewing the proposal were not familiar with this tissue bank and requested
that we switch to a source they were familiar with, or provide further information on CWRU.
Additionally, there were concerns as to the confidentiality of the tissue donor’s identity. For these
reasons, the secondary proposal was also denied, pending resolution of these issues. For these reasons, no
progress has been made on this project.

During the preparation of this report, there were several communications between Dr. Davis

(CCF) and Catherine Smith (DOD) regarding the status of this protocol. After many telephone calls,
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faxes, and e-mails, we received word from Ms. Smith that the protocol had been cleared for approval, via
a telephone conversation August 17, 2000. This was confirmed by speaking with Sacelia Heller (DOD)
on August 18™, 2000. Ms. Heller informed us that a formal written approval was being prepared and that
work could begin on this project.
Future Work

The study will now be initiated as laid out in the second submission (March 24™ 2000). The
methods described in the proposal will be refined using cadaveric skin samples obtained from an
approved source. Once these techniques are refined, and baseline data are collected from the cadaveric

skin samples, these methods may be applied to tissue engineered skin and other soft tissues, as they

become available.




TISSUE ENGINEERING OF BONE

We have defined methods for harvesting bone precursor cells from aspirates of human bone
marrow (Muschler et al., 1997) and have characterized their ability to undergo osteoblastic differentiation
in culture (Majors et al., 1997). Bone precursor cells that can form osteoblastic colonies (Colony
Forming Units — Osteoblastic, or CFU-Os) are relatively rare in human bone marrow aspirates. For this
reason, the initial thrust of this project has been to selectively concentrate these cells, for use in

developing tissue engineered bone constructs.

SELECTION AND CONCENTRATION OF BONE PRECURSOR CELLS - Project 7 (PI: Maciej
Zborowski)

Bone precursor cells have a potential, under suitable culture conditions, to differentiate into bone-
forming cells (osteoblasts) in vitro, and therefore are a necessary cellular component of any future bone
replacement therapy. The bone precursor cells are rare, approximately at 1/20,000 nucleated cells.
Moreover, the molecular makeup of the cell surface of the early bone precursor cell distinguishing them
from committed osteoblastic cells is poorly understood. Those two factors contribute to significant
technical difficulties of isolating the bone precursor cells from the bone marrow aspirates.

We have identified a candidate molecular marker of the bone precursor cell, and perfected the cell
separation technology suitable for bone precursor cell isolation experiments. The candidate molecular
marker, hyaluronan, and its presence on rare cells in the bone marrow have been indicated in preliminary
studies by Carol de la Motte (CCF, Colorectal Surgery), a collaborator on this project. The cell separation
technology most suitable for the rare cell separation experiments is based on the method of the magnetic
deposition on microscope slides.

There are indications that hyaluronan is present on the surface of early bone precursor cells
(mesenchymal stem cells). Hyaluronan on the cell surface can be detected by its reaction with a highly
specific, biotinylated protein. The bound protein is then identified by fluorescein isothiocyanate (FITC)-
tagged avidin. This method was used to identify the very rare cells in bone marrow aspirated with a
hyaluronan coat, under the fluorescence microscope (de la Motte). The human bone marrow cell
suspension was obtained from normal donors through the collaboration with Dr. Muschler (Project 9).
Cell smears were prepared on the microscope glass slides and stained for hyaluronan. Only a few cells
were observed to fluoresce (Figure 17). The morphology of the fluorescent cells was consistent with that

of an early progenitor cell (small, round cell without the characteristic features of the mature cell).
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A prototype magnetic cell deposition system has been developed, with the assistance of the
Engineering Analysis and Prototype Support Facility. The distinguishing feature of this prototype is that it
allows for direct deposition of the magnetically labeled cells on the microscope slide. This system has
been selected as being most suitable for isolation of rare cells, such as the bone precursor cell, because of
its high recovery of the separated cells. A schematic illustration of the magnetic deposition system is
presented in Figure 18. The system comprises a syringe pump with a set of five syringes, a magnet, and a
set of five flow channels with connecting tubing. A characteristic feature of the magnet is a narrow
interpolar gap which generates a highly non-uniform, well-defined fringing field. The interpolar gap, the
source of the fringing field, is a strong attractor of magnetically susceptible material, in particular, the
magnetically labeled cells. Before operation, the target cells are tagged using a suitable magnetic label;
the flow channel is assembled, placed on the magnet and filled with the carrier medium. The flow
channels are oriented in a perpendicular fashion to the interpolar gap. The test procedure consists of
loading the cell samples into the syringes and activating the syringe pumps. The stream of cells passing
across the interpolar gap is exposed to a strong, highly localized magnetic field that deflects the magnetic
cells from the sample stream towards the channel wall facing the magnet. As a result, the magnetized cells
are precipitated from the flowing solution onto the glass slide, forming a narrow band at the interpolar
gap. Once the entire volume of the cell sample has been pumped across the interpolar gap, the flow
channels are disassembled and the glass slide is detached from the flow channel (Figure 19). Cell
adhesion to the glass slide prevents cell losses from the deposition band during fixation and staining steps
or for subsequent culture. The non-tagged cells are washed away from the slide, thus providing a clear
and unobstructed view of the few, deposited target cells (bone precursor cells). The stained slide is
mounted on a standard microscopic substrate slide and is available for analysis.

The selective pre-enrichment of the bone precursor cells was accomplished by substitution of the
FITC-avidin for ferromagnetic avidin (Miltenyi Biotec, Bergisch Gladbach, Germany). This then
deposited cells with hyaluronan coats on the microscopic glass slides and provided a cbnvenient, first step
for further analysis of bone cell differentiation. Targeting the cell surface markers (hyaluronan) rather
than intracellular markers in bringing the cells down on the microscope slide in the magnetic field ensures
the viability of the target cells isolated on the slide. The type of the magnetic label proposed in this study,

colloidal rather than the particulate one, ensures lack of interference from the label during the optical
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analysis of the cell. In addition, the colloidal magnetic labels are known not to interfere with subsequent
cell proliferation (unpublished results). The deposited cells may be further permeabilized and analyzed for
the intracellular markers. These could include cytosolic and nuclear targets. Alternatively, the
magnetically deposited cells could be transferred immediately into the tissue culture medium and allowed
to proliferate under typical tissue culture conditions. Thus, the magnetic cell deposition on the microscope
slide may offer a convenient platform for the molecular analysis of the precursor cell differentiation.

The capability of the magnetic cell deposition on the glass slides for isolation of rare bone
precursor cell has been initially evaluated on an unrelated cell model system developed in our laboratory.
It consisted of a mixture of cells of epithelial origin with the peripheral blood mononuclear cell (MNC)
fraction. The distinguishing marker of the epithelial cells is the presence of the epithelial membrane
antigen (EMA) on those cells and not on the circulating blood cells. Small, predetermined numbers of the
epithelium-derived cells were added to a known number of the MNCs and the mixture was sequentially
labeled with the anti EMA antibody and a secondary antibody conjugated to the magnetic, colloidal
particle. The cell mixture was pumped through the magnetic deposition system, and the slides were
stained for nucleated cells. The slides were subsequently evaluated for the presence of the epithelial-like
cells that have significantly different morphology from that of the MNCs. Even at a very low frequency of
171,000,000 of the epithelium-derived cells to the MNCs in the mixture, the epithelium-derived cells
could be seen on the magnetic deposition slides, with most of the MNCs washed-off of the slides. The
estimated enrichment ratio of the epithelium-derived to the MNC on the slide was 100,000.

The current work focuses on the enrichment of the bone precursor cells on the magnetic glass slide
using the biotin-tagged hyaluronan-binding protein, and a streptavidin-tagged magnetic colloid as a
magnetizing agent. The initial experiments were performed by using the same experimental protocol
developed for the mixture of the epithelium-derived cells in the MNCs (with the exception of the cell
targeting reagent). The typical results show very few cells retained on the slides (Figure 20). The
frequency and the morphology of the magnetically-selected cells on the slide are consistent with the
properties of the bone precursor cells.

Future Work

The research plan for year 2 of this project includes positive identification of the cells selected on

the slide as bone precursor cells. This will be accomplished by the additional analysis of the deposited

cells for the presence of hyaluronan on their surface, by blocking experiments (in which the hyaluronan
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sites will be blocked by the non-biotinylated probe), and by determination of the expansion of the cells

selected on the magnetic deposition slide in culture.
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OPTIMIZING MATRIX FOR ATTACHMENT AND DIFFERENTIATION OF BONE
PRECURSORCELLS IN VITRO - Project 8 (PI: Ron Midura)

Design of cell-matrix composites for tissue engineering of bone requires that the bone precursor
cells attach to the matrix at a sufficient concentration to create an optimal environment for the cells to
proliferate and differentiate into mature bone. The cell-matrix composite must also be designed to
optimize the attachment of these cells and to support later stages of bone regeneration in vivo. Therefore,
it was proposed that matrix materials with defined surfaces be tested in vitro for their ability to selectively
attach bone progenitors and to support subsequent proliferation and terminal differentiation.

As stated previously (Projects 1, 2, and 4), it has been shown that current formulation of hylan gel
do not support optimal cell attachment or proliferation without surface modification. Additionally, it has
been shown that these gels lack sufficient mechanical strength and ability to handle to be adequately in a
mechanically demanding structure such as bone (Projects 1 and 9). Therefore, the work that has been
done on this project has been to refine techniques and evaluate osteoblastic cellular interactions with
specific extracellular matrix molecules in vitro. This work was carried out in parallel to these other
projects, such that when suitable hylan formulations are made available, this project can progress.

While efforts have been made in Project 4 to define the cellular interactions of NRASMCs with
surface treated hylans; these interactions are cell type specific and must be clearly defined for bone
precursor cells. To this point, two general classes of matrix adhesion molecules found in bone (collagen I
and fibronectin) have been tested and shown to adhere both primary and cell line osteoblastic cells in
vitro. Under controlled in vitro conditions, osteoblasts adhere quantitatively to both of these substrates.
Additionally, osteoblast adhesion discriminates between these two matrix substrates using distinct
integrin receptors. Osteoblast proliferation, differentiation and functional ability to deposit bone mineral
in vitro are influenced greatly by their attachment to these matrix substrates. Thus, osteoblast attachment
to type I collagen versus fibronectin results in different biological outcomes. It is presumed that the
signal transduction processes induced by these adhesion reactions are distinct and provide different
information content presented to the cells. This information will be useful for clearly defining the surface
pretreatments necessary, if any, for application in the tissue engineering of bone.

Future Work

We are poised to test osteoblast adherence to hylan gels in vitro and measure functional outcomes

with respect to proliferation, differentiation and mineral deposition, once suitable substrate formulations

are identified. Since hyaluronan exists around most osteocytes and preosteocytes but only a few
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osteoblasts in vivo, we hypothesize that osteoblast adhesion to Hylan gels in vitro should induce their
differentiation into osteocytes.

Further investigation into the specific aspects of these cellular interactions with extracellular
matrix molecules will be continued in parallel to the other projects of the Tissue Engineering Initiative.
Meanwhile the efforts of other collaborators (Projects 1, 2, 4, and 9) focus on the refinement and

development of more appropriate hylan gels.
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OPTIMIZING CELL-MATRIX COMPOSITES FOR BONE REGENERATION IN VIVO -
Project 9 (PI: George Muschler)

Performance of a cell-matrix composite in vivo will be influenced by several parameters which
cannot be adequately modeled in vitro, including 1) the rate of diffusion of nutrients from extracellular
fluid through the implanted matrix following implantation, 2) the metabolic activity of implanted cells
prior to revascularization, 3) the volume of the defect and distance from the vascular perimeter to the
center of the implant, 4) the vascularity of local soft tissue, 5) the quality and viability of local osseous
and periosteal tissue, and 6) the capacity of the cell-matrix composite to induce prompt revascularization
of the grafted defect.

Evaluation of these variables requires a model system in which the volume of the grafted defect is
of sufficient size to make the limitations of diffusion and revascularization a limiting factor in at least
parts of the defect (at least 1 cm in size). Furthermore, the anatomic site must be relevant to the bone
environment in which most grafting for trauma is performed (i.e. the diaphysis of a long bone). To satisfy
these model design requirements, we have developed the following canine femoral defect model.

Canine Femoral Defect Model

In vivo experiments will utilize the canine femoral defect model employing in vivo oxygen
tension monitoring that has been developed in our laboratory and was described in the initial DOD
proposal. Outcome will be assessed based on bone formation (CT analysis), histology (decalcified
histology), and oxygen tension history (early environment and rate of revascularization). Briefly, four
identical (1 cm dia) defects are created in the lateral aspect of the straight proximal segment of the femur
of male beagles (10-18 months, 12-16 kg). Through a lateral incision over the femur, a linear template is
affixed to the lateral aspect of the femur (Figure 21). The template fixation screws are left in place to
serve as defined markers for precise location of the defect grafts at the time of harvest. After placing the
graft, the site is sealed with a snap fit cap. Each cap is designed to position and hold an oxygen sensing
electrode (0.5 mm dia) in the precise center of the defect. The set of four caps and electrode wires are
protected by a cover held with proximal and distal screws. Oxygen tension is reported telemetrically
using a custom implanted device developed in the Department of Biomedical Engineering at the
Cleveland Clinic, taking advantage of technologies and expertise gained in the Total Artificial Heart
Program. (Figures 21 and 22).
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Figure 21. A) Schematic representing placement of the defect template over the lateral aspect of
the femur and a representation of the femur following placement of the 4 grafts.
B) Schematic of the defect caps with oxygen sensors in place.

Figure 22. Schematic of the data collection system designed by the Cleveland Clinic Foundation,
Department of Biomedical Engineering.
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Selection of Graft Matrix Materials

Prior to the onset of this current project we were stimulated by our observations of rapid adherence
of connective tissue precursor cells (CTPs) to tissue culture plastic. We therefore investigated the use of
available porous bone graft matrices as a surface for rapid concentration of CFU-Os. Completing a series
of experiments, proposed in 1995, we found that ~40% of nucleated marrow cells and ~80% of CTPs will
attach to either coralline hydroxyapatite or allograft bone matrix, a 2 to 1 selection of CTPs over other
marrow cells. If placed into culture, CTPs will proliferate to cover these matrices with alkaline
phosphatase (AP) producing colonies. (See Figure 23 and 24.) Similar attachment and proliferation can
be achieved on polymeric surfaces (See Figure 25).

Using allograft cancellous bone (funded by NIH RO1 AR42997) and allograft bone power (funded
by Musculoskeletal Transplant Foundation), we have defined specific methods for use in an operating
room setting which begin to optimize this method for selection and concentration of bone marrow derived
cells. Important parameters include: pore size (> a 425-850 micron powder bed, to avoid entrapment of
and sludging of cells in the matrix); linear flow rate (12-50 mm/min); and dilution of fresh marrow
sample prior to loading (10:1, reducing viscosity and improving flow). Using these methods, CTPs can |
be rapidly concentrated 20 fold (~25,000/cc) in an allograft matrix, approaching the concentration of
CTPs in native autogenous bone. This results in ~4 fold greater concentration than that shown on the far
right in Figure 23.

As described in the initial proposal, we are now investigating the use of hyaluronan based matrices
using these same methods. The materials initially selected in a meeting with Endre Balazs on April 1 1%,
2000 were hylan B beads. These beads were selected because it was believed that they possessed
sufficient physical stiffness to maintain their shape when packed as a column or in a bone defect, with
only moderate deformation. Furthermore, the chemistry of hylan gels preserve active functional groups
which will allow selective surface modification during later phases of the project. The beads were
evaluated having a mean diameter of approximately 1000 pm.

Results

Initial evaluation of the hylan B beads has been completed. This experience found that the hylan
B beads could not be used effectively as a component in an affinity column. The beads proved to be too
deformable, and as a result, progressively limited the flow of fluid and cells thought the column and also
resulted in clogging of the porous filters used to retain the beads in the column. Furthermore, when cells

and matrix were mixed as a slurry, we found that that we were unable to separate the beads from the non-
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Cells Loaded (x10°) 0 10 20 40 100
Cells Retained (x106) 0 4.7 8.8 16 44
CTPs Retained 0 425 1100 1900 5400

FIGURE 23. Loading on Coralline Hydroxyapatite (HA) Ceramic Disks (15 mm dia. x 5 mm) — 9 days
in culture .

FIGURE 24. Proliferation of CTPs and Expression of AP on Coraline HA disks. Loading performed as
in far right sample of Figure 23 above. Culture period: 9 Days (left) 24 Days (Right).

FIGURE 25. 3D confocal microscopy of a polystyrene bead (300u dia). This bead was loaded as part of
a bead affinity column, similar to disks in Figure 23 above. Culture period: 9 days
Autofluorescence of the Fast Red stain localizes regions of cells expressing alkaline
phosphatase (AP).
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attached suspended cells, because the beads were isodense with the cells (i.e. did not settle from solution,
nor was centrifugation effective). Subsequently, and most recently, a much denser fibrous freeze dried
HA matrix was prepared at Biomatrix and evaluated. This preparation demonstrated improved function in
a column. Fibrous clumps of matrix rehydrated leaving channels of sufficient size to allow fluid and cells
to flow. However, clogging was still prevalent, as longer periods of rehydration were used, the matrix
showed continued swelling making it progressively less able to support fluid flow and softening the gel to
a state which was sufficiently deformable to clog the porous filter (as above). Further effort is being
invested in designing other suitable modifications to generate a porous, open, high surface area HA matrix
that is better suited for this application. No control preparations of bone have been prepared to date, as it
is known from previous efforts that the bone matrix poses no such problems.
In Vivo Experiments

Prior to initiating any in vivo experiments, it was required that the Cleveland Clinic Foundation
Research Animal Facilities undergo a site visit by a veterinarian from the DOD. Following Dr. Calvin B.
Carpenter’s May 25™ site visit, there were issues brought into question regarding the socialization and
exercise regimens for dogs intended for use in this study. As a result, all in vivo experiments were put on
temporary hold pending resolution of these concerns. These issues were addressed in a letter dated July
28, 2000 to Sacelia L. Heller at the DOD from Daniel R. Beyer, Research Division Administrator,
Cleveland Clinic Foundation (see Appendix, pp. 159-162). We were recently informed that this letter
sufficiently addressed Dr. Carpenter’s concerns, and the temporary hold on in vivo experiments has been
lifted. Therefore, once suitable replacements for the hylan B beads are identified, canine in vivo
experiments will commence.
Future Work

We are now investigating means of making the hylan matrix bed more rigid, so as to allow for the
flow of cells through the matrix. As mentioned in Project 1, methods to be investigated for the
improvement of the hylan matrix are increased concentrations of hyaluronan and increased levels of
crosslinking. Of additional interest to this study would be the investigation of alternate geometries and
physical forms of hylan. Examples to be investigated instead of beads include large diameter threads with
a woven conformation, a porous “sponge-like” plug similar to those shown in Figures 23 and 24, and a
hylan coating applied on a stiffer underlying matrix such as bone matrix or polymer beads. As already

stated, once suitable replacements for the hylan B beads are identified, canine in vivo experiments will

commence.
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A MULTI-AXIAL EXTENSOMETER FOR GLOBAL MEASUREMENT OF BONE STRAIN -
Project 10 (PI: Brian Davis)

An extensometer that measures displacements in 3D and converts the data into global bone strain
magnitudes and rates is described. This device is capable of monitoring physiological strains in vivo, and
because of its 3D configuration can differentiate between bending and axial strains. The extensometer
uses six paired capacitive sensors mounted to intraosseous pins and allows measurement of principal
strain magnitudes and their direction, and maximum shear strain. Data are presented for validation of the
device against a surface-mounted 60 degree strain gage rosette in an acrylic specimen under dynamic 4-
point bending, with sinusoidal and square wave loading inputs up to 4700 pe and 20 Hz. Pearson’s
correlation coefficient (r) between extensometer and strain gage ranged from 0.711 (at 20 Hz) to 0.999 (at
1 Hz). This type of device is capable of tracking strain up to strain rates in excess of 90,000 pe/sec.
Mechanical Assessment

Researchers on this project have focused on measurement of strain in bone to more fully
understand the adaptation of bone to its functional environment. Knowledge of strains experienced during
normal daily activities has direct implications in the study of age related bone loss, post-menopausal
osteoporosis, fracture healing, and disuse osteoporosis. Both (i) surgical staples and (ii) resistance-type
strain gages have been used in vivo in humans and animals. However, these methods of strain
measurement have certain limitations, namely, requirements for surgery and use of materials that could
irritate the surrounding tissues.

The device described is an extensometer, which uses non-contact capacitive probes as the
displacement sensing technique. The probes are mounted on acrylic bodies to three intraosseous pins that
are implanted into and protrude from the bone (Figure 26). The probes, situated in pairs, are oriented to
each other pair by 60°, as such the term “delta extensometer” is used to distinguish the device from an
axial extensometer. Both the device described here and staple-type gages eliminate the need for
degreasing agents, chemical bonding agents, or surface preparation such as drying, sanding, and filling
associated with resistance-type bonded strain gages; an advantage for in vivo applications. A further
advantage offered by the delta extensometer is the ability to distinguish axial strains from strains due to
bending from one measurement site. Calculation of strains due to bending require that strain gage
instrumentation, including staple-type gages, be mounted to opposing faces of the specimen, which is not

always feasible in vivo.
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Figure 26. Extensometer uses six capacitive sensors mounted to acrylic bodies which are attached to

intraosseous pins. The acrylic bodies are mounted to the protruding ends of the pins after
implantation.

Validation tests of the extensometer were performed in dynamic four point bending up to 20 Hz in
an acrylic specimen (measuring 25.4 X 25.4 X 304.8 mm long), instrumented with the capacitive
extensometer and, as a comparison strain measurement, a delta rosette strain gage (Measurements Group,
WA-03-030WY-120). The strain gage rosette was mounted to the specimen surface next to the
extensometer insertion site but within the load span. The strain gage was placed outside the area formed
by the intraosseous pins due to the size of the rosette (gage length for the extensometer was 7.1 mm), and
to minimize the possibility of strain gradients due to stress concentrations from the mounting holes from
interfering with the strain gage output. The grid 1 (reference grid) direction for both gage and
extensometer was oriented 22.5 ° from the long axis of the specimen to maximize signal from each of the
three grids. Principal strain levels in the specimen reached 4700 ie.

Sensors (HPS-1X4C-A-200-FX, Capacitec, Inc., Ayer, MA) were calibrated at the factory over an
air gap of 0 to 1.016 mm, corresponding to -5 to +5Vdc, or a linear range of +/- 71,000ue with a 7.1-mm
gage length. Amplifier resolution (Model 4100-S, Capacitec, Inc., Ayer, MA) is 4+/-0.01% of full scale, or

+/- 1 mV. The engineering unit conversion is 1.016 X 10 ~ * mm/mV. Data were collected with a 16-bit
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A/D board (AT-MIO-16E-10, National Instruments, Austin, TX), and processed through a custom
LabVIEW™ data acquisition and analysis program (National Instruments, Austin, TX) running on a
personal computer. Data were oversampled at 5000 Hz, and plotted as 10 sample averages, giving an
effective sampling rate of 500 Hz. Capacitive sensor resolution is improved by oversampling and
averaging due to the oscillatory nature of the modulation /demodulation circuitry (carrier frequency =15
kHz) used by the amplifiers. A gain stage and anti-aliasing filter (8300 XWB, Preston Scientific,
Anaheim, CA) with cutoff frequency of 100 Hz was used prior to digitizing extensometer data.

Strain at the specimen plane of interest (e.g., the bone surface) is calculated from measurements
obtained from sensor pairs that lie outside of the specimen plane. The basic concept is that vectors
describing the direction and position of each pin relative to an adjacent pin can be determined by two
measurements of the distances between the pins. (If the pins always remained parallel to each other, only
one distance measurement would be needed to ascertain if the pins had moved towards, or away, from
each other.)

The calculated strain at the surface of the acrylic validation specimen tracked strain gage response
to sinusoidal and square wave inputs up to 20 Hz and a maximum strain rate of 50,000 pe/sec in four-
point bending with the maximum mean percent error between extensometer and strain gage output
ranging up to 11.6 % (measured as a % of maximum strain for that trial, not as a % of full scale).
Pearson’s correlation coefficient (r) ranged between 0.711 (for the 20 Hz sinusoidal condition) to 0.9996
(for the 1 Hz sinusoidal condition.)

Significance

Based on these data, the extensometer is suited for measuring strains above 100 pe. It is possible
to change the linear range and associated resolution (and thereby measure smaller strains) by using
different sensor models and calibrations depending on the application. Where access to the specimen is
limited, surfaces are rough, porous, or not able to be absolutely clean, where strain magnitudes are
expected to be relatively high, and for in vivo measurements, this device has significant advantages over
current methods.

Future Work

As tissue engineered bone becomes available for testing, this technology can be applied to the

novel constructs for strain evaluation. These measurements can then be compared to strain readings taken

from native bone for direct comparison.




TISSUE ENGINEERING SUPPORT FACILTIES

Imaging Support Facility

The Imaging Support Facility is developing and employing technologies necessary to serve the
needs of all relevant projects. The Facility provides prompt and definitive histologic, immunologic, and
in situ analysis for bioengineered tissue specimens.

Confocal Laser Microscope Imaging

As described in the initial proposal, engineered tissues need to be evaluated for their spatial and
temporal expression of specific biological markers that are present in native tissue. For reasons
previously stated, the confocal laser microscope is the ideal tool for this analysis. A Leica TCS SP
Confocal Microscope was purchased with the funds allocated. The instrument arrived at the Cleveland
Clinic Foundation mid August 2000. Facilities Engineering is currently making renovations to the space
allocated for its installation. Target date for the system to be operational is mid September 2000.
Phosphoimager

As described in the initial proposal, engineered tissues will need to be evaluated for the quality
and quantity of specific gene expression patterns unique to their native tissue homologues. When
combined with specific DNA and RNA probes, a phosphoimager can unambiguously identify and
accurately measure these gene expression patterns. The Storm 860 phosphoimager (Molecular Dynamics,
Inc.) described in the initial proposal, has not yet been purchased. Instead, Molecular Dynamics, Inc.
now has a new model, Typhoon, which can handle chemeluminescence, fluorescence, as well as
phospholuminescence. Both systems come with a pentium workstation as previously described. Since it
would take some time to have tissue engineered constructs to evaluate by this method, the purchase of the
phosphoimager has been pushed back to year two of the project.

Micro CT Station

As outlined in the initial proposal, a Micro CT Station and an Octane/SSE Workstation were to be
purchased as capital equipment for support of the Image Analysis Core. The Micro CT will allow us to
analyze tissue engineered constructs with 3D volume imaging at a high spatial resolution (~10 pm).
Rather than purchasing a commercially available Micro CT Station, the funds allocated for the Micro CT
and Octane/SSE Workstation were combined to allow for the purchase of components to build a more
sophisticated Micro CT Station. In place of the Octane/SSE Workstation, a high powered Pentium

Workstation was purchased to support the custom Micro CT. To date, all major components for the
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construction of the Micro CT Station have been purchased and are on site. The Micro CT Station should
be functional and available for use by all investigators on this project by December 2000.
Automated Quantitative Microscopy

The traditional method of analysis of tissue sections and cellular data has been, and continues to
be, manual light microscopic interpretation. The accuracy of such tedious and laborious manual methods
depends largely on the skill of the user, and these methods do not allow further analysis of cell shapes and
locations. In recent years, however, advanced histologic techniques have been combined with
computerized image processing and analysis. These techniques continue to evolve in response to the
recognized limitations of subjective or semi-quantitative data analysis and growing needs for obtaining
large amounts of objective, quantitative data.

Our Department’s Biomedical Imaging Group (http:\\www.ccf.org\ri\bme\image) has developed
and continues to refine an automated image analysis system for use in quantitative microscopy. This
system is versatile, allowing analysis of stained tissue sections, in situ hybridizations, confocal images, or
cell cultures and provides the data in unambiguous statistical terms. This system also provides
information that is difficult or impossible to obtain from manual assessment (e.g. size, shape, and
orientation). The system will have immediate application in this proposal for quantification of the
following:

» Cell morphology, including total cell counts, determination of cell area, cell color, shape analysis,
and position/location data. These analyses will be aided by routines that perform opening and
closing operations, boundary detection, global filling and decomposition.

o Immunochemical or routine stain analysis, by chromagen color, purity, and intensity.

 Gross morphologic features such as cellularity, blood vessel luminal area, vascular density,
extent of collagen infiltration, and continuity of elastin fibers.

« Grain counting techniques using grey-scale analysis of in situ hybridizations.
e In situ hybridization chromagen distribution using advanced color segmentation algorithms.
 Quantification of fluorescence intensity in immunohistochemically stained tissue.

The software for this automated image analysis system is nearly complete. It is currently functional on
high-powered workstations and is being adapted for application and usage on Windows NT systems. This

adaptation will allow nearly everyone in our Department to implement this technology.
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File Server

Finally, a highly sophisticated F520-8N-256-14D9 File Server (StorNet, Inc., West Chester, PA)
was purchased and is currently being used by all investigators in the Tissue Engineering Initiative and
Imaging Core. This equipment is installed and functional. It has been networked to support multiple

image data collection systems within the scope of the Tissue Engineering Initiative.

Engineering Analysis and Prototype Support Facility

As described in the initial proposal, the Department of Biomedical Engineering houses an
Engineering Design and Analysis Group as well as Mechanical and Electrical Prototype Facilities.
Through the first year of this award period, these groups have contributed several novel implements to our
tissue engineering research efforts.

Engineering Design and Analysis Group

Mark VI Magnetic Flow Sorter

This cell separation flow chamber was designed for use is separating and selectively concentrating
bone precursor cells (see Project 7 — Zborowski). The Engineering Design and Analysis Group and
Prototype Support Facility were brought into the project to begin moving the technology from a research
focus to a product development focus. The end result of their work being the design and fabrication of a
“clinical”, full-scale disposable prototype. In the course of designing this prototype, guided by
computational fluid dynamics simulations, many considerations and design criteria were evaluated. These
items included the desired cell sorting performance goals, the manufacturability of the design, the internal
flow characteristics and biocompatibility of surfaces and materials.
Tendon Tissue Slicing Apparatus

Initially, the patellar tendon was investigated for material property evaluation in support of the
tendon cell project (Project 5 — Derwin). The primary objective of this work was to develop a technique
for creating uniform tissue samples from a single patellar tendon. The Engineering Design and Analysis
Group developed a design concept using Pro/Engineer modeling software (Parametric Technologies
Corporation, Waltham, MA), for an apparatus that would allow for up to 4 uniform sections to be taken
from a single patellar tendon while under tension. From Dr. Derwin’s work, it was found that tendon

material from different regions of these specimens did not necessarily appear uniform in mechanical or
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biochemical properties, despite their uniform geometry. For this reason, this project is currently on hold,
pending investigation of the baseline properties of canine flexor digitorum superficialis (FDS) tendons.
Tendon Tissue Cyclic Loading Apparatus

Preliminary design work was begun on a device to perform cyclic loading of tendon tissue
samples maintained in culture media, with the entire system contained in an incubator to maintain
physiologic conditions. Several key design requirements include small overall tendon displacements (1-2
mm), a gripping mechanism to prevent tissue necrosis from compression of the tendon, components
which can be disassembled for cleaning and sterilization between tests, ability to run multiple samples
simultaneously, and test units which will maintain sterility of the media through the duration of the tests
(several weeks). This project will proceed following final selection of the tendon source, its

corresponding dimensions, and final determination of the functional requirements.

Infrastructure

. Two Dell personal computers (Dell Dimension XPS T600 Pentium III, Dell Dimension
XPS T600 Workstation 410, Dell Computer Corporation, Round Rock, TX) were
purchased in place of the originally proposed Integraph TDZ-2000 NT Workstation. The
primary reason for this change was the recent advances in the processor (computational)
speed and graphics capabilities for the personal computers. These new personal computers
are capable of either running computational fluid dynamics software locally on the PC or
interfacing with the CCF/BME departmental Unix network for very high end computations
via x-windows emulators (run and view computations from PC). The Dell computers also

provide the capability for performing daily word processing, spreadsheet calculations, and
e-mail operations.

. A full time engineering staff member was hired as support for this project. The new hire,
with an MS in Chemical Engineering, was hired to function in a “hands on” and consulting
capacity for all 10 of the Tissue Engineering Initiative projects.

Prototype Support Facility

The Prototype Support Facility has produced several custom fixtures for use in the Tissue

Engineering Initiative projects. The following is the summary of the custom fixtures fabricated for use in

these projects:
Project 5 (Derwin)

. Grips for mounting tendon explants in a cross sectional area device, as well as the Instron
device used for mechanical testing (Figure 15A).
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. Tissue mounting device for maintaining the above mentioned grips (with tendon) in
tension during transport from the cross sectional area device to the Instron testing machine
(Figure 15B).

. Mounting fixtures to attach custom grips to Instron mechanical testing device (Figure
15C).

. Rotational device for evaluation of tendon cross sectional area under tension (Figure 13).

Project 10 (Davis)

. Intracortical pins for mounting the capacitance based sensors into bone, used for evaluating

local bone strain (Figure 26).

Electronics Core

The Electronics Core has also produced some custom instrumentation for use in the Tissue
Engineering projects. The following device is currently in use:
Project 5 (Derwin)

. Electronic control unit for rotational device, to allow for hands free operation, while
evaluation under a stereomicroscope
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KEY RESEARCH ACCOMPLISHMENTS

. Evaluated the biomechanical properties of various hylan gel formulations, as provided by
Biomatrix, Inc. (Ridgefield, NJ), using established protocols for mechanical testing (Project 1).

. Defined methods for determining the concentration of hyaluronan in the hylan gel preparations
(Projects 1 and 4). :

. Defined methods for determination of degree of di-vinyl sulfone crosslinking, as well as
establishing the effect of crosslinking on the modulus (stiffness) of the hylan gel preparations
(Project 1).

. Initiated gene therapy investigation to improve function of endothelial cell seeded vascular grafts
(Project 3).

. Implemented a well-defined investigation into the benefits of pretreatment of the hylan gel
formulations to enhance cell attachment and proliferation (Project 4).

. Established baseline biochemical and mechanical properties of native tendon tissue for
comparison to future tissue engineered tendon constructs (Project 5).

. Resolved liability issues involved with the study of live subjects, so that methods can be
developed for the evaluation of engineered soft tissues (Project 6).

. Developed prototype magnetic cell deposition system for the selective isolation and concentration
of bone precursor cells (Project 7).

. Developed methods for the assessment of bone precursor cell attachment, proliferation, and
mineralization on hylan substrates (Project 8).

10. Ruled out the use of hylan beads as a substrate for use in a previously developed in vivo canine

femoral defect model (Project 9).

11. Developed and tested prototype capacitive extensometer for the evaluation of bone strain in vivo

(Project 10).

12. Incorporated several new imaging and image analysis systems into the Department of Biomedical

Engineering’s Imaging Support Facility.

13. Developed and fabricated many prototype devices to facilitate the various tissue engineering

projects through collaborations between the investigators and the Department of Biomedical
Engineering’s Engineering Analysis and Prototype Support Facility.
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REPORTABLE OUTCOMES

. An elaborated research proposal based on the current work was submitted to the American Heart
Association (Ohio Valley Affiliate) by Dr. Anand Ramamurthi, a post-doctoral research associate
and resulted in the granting of a 2-year postdoctoral fellowship ($ 58,000/ 2 years, AHA ID#
0020393B).

. Technical abstracts based on the study of cell attachment on hylans have been accepted for
presentation at the Hyaluronan 2000 meeting in Wrexham, Wales, UK (Sept 2-8, 2000) and the
Biomedical Engineering Society (BMES) Annual Meeting in Seattle, WA (October 13-16, 2000)
(see Appendix).

. “The effect of the degree of crosslinking on the modulus of hylan” was completed by Ms. Maida
Ann Ludwig, Department of Biomedical Engineering, Case Western Reserve University, as a
research requirement (Thesis, see Appendix) for the granting of an M.S. degree in Biomedical
Engineering (August 2000).

. “Design and test of an extensometer for global measurement of bone strain suitable for use in vivo
in humans” was completed by Ms. Gail Patricia Perusek, Department of Mechanical and
Aerospace Engineering, Case Western Reserve University, as a research requirement (Thesis, see
Appendix) for the granting of an M.S. degree in Mechanical Engineering (May 2000).

. Publication of the underlying work upon which Project 2 is based.

A preformed basal lamina alters the metabolism and distribution of hyaluronan in
epidermal keratinocyte “organotypic” cultures grown on collagen matrices. Published in
Histochemistry and Cell Biology (2000) 113: 265-277. By Vincent C. Hascall and Michael
Hogg (CCF) in collaboration with Raija H. Tammi (lead author), Markku I. Tammi, Sanna
Pasonen, and Donald K. MacCallum.

All publications listed above are included in their entirety in the Appendices that follow.
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CONCLUSIONS

Our work over the previous year has shown that gels based on cross-linked hyaluronic acid (hylan)
are suitable materials for development of biological implants. While the strength of hylan gels in the
present form is insufficient for their use as primary tissue replacements, they possess mechanical
properties that may be suitable for the development of epidermal replacements and non-stress intensive
physiological applications. Further chemical/structural modifications are necessary to improve upon the
strength of these gels (i.e. increased hyaluronan concentration, increased crosslinking). Additionally, it is
believed that gel reinforcement via synthesis of collagen-rich and elastin-rich matrices by attached cells
can contribute to added gel strength and/or elasticity.

It has been shown that cells (NRASMC:s, Project 4) attach and proliferate actively on hylan gels
treated with cell adhesion proteins (collagen I, ECM gel, laminin, fibronectin). Cell attachment and
multiplication was most prolific on particulate hylan gels, possibly due to their comparatively rough
surface, which promotes protein adherence and provides greater anchorage for attaching cells. It is
believed that cells attached on such gels show a highly spread morphology for the same reason. In
contrast, solid gels have relatively smooth surfaces, which may not provide sufficient anchorage for cells.
However, the current study clearly demonstrates that cell-hylan composites show promise towards the
successful development of bioengineered materials. It is believed that the compositional changes
previously mentioned will also lend properties more advantageous to cell attachment and proliferation.

As mentioned previously, methods to be investigated for the improvement of the hylan matrix are
increased concentrations of hyaluronan and increased levels of crosslinking. Current formulations of
hylan ére available as thin films, solid gels, particulate gels, and microbeads. These conformations do not
possess physical characteristics that lend themselves to application in the tissue engineering of bone.
However, alternate geometries and/or physical forms (i.e. woven large diameter threads, porous
cylindrical plugs, hylan coating on a stiffer underlying matrix) of hylan may prove usetul in such
applications.

While the current formulations of hylan gel have been shown to have some limitations in the
applications proposed, the results of Projects 1 and 4 do show promise for their use in tissue engineering
applications. Considerable effort will be spent in year 2 of this initiative to address the compositional and
conformational changes described herein. The identification of substrates with greater mechanical
strength and rigidity will allow for further advancement in those projects which require greater structural

integrity (i.e. vascular tissue, tendon, bone).
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Fort Detrick, MD 21702-5012
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annual report, “Tissue Engineering Initiative,” Cleveland Clinic Foundation, Department of Biomedical
Engineering (Award Number: DAMD17-99-1-9475).
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publications based on the work described in this document (2 thesis, 2 presentation abstracts, 1 peer
reviewed article). All of these publications are included, in their entirety, in the Appendix of this report.
However, all other data contained in this document are as yet unpublished and should not be deemed
suitable for public release. As requested, the abstract covers the purpose, scope, and major findings from
this work. Therefore, all pages in the body of the report should be considered proprietary, and only the
abstract and Appendix should be deemed suitable for public release.

Although the report requirements specify that stapling in the upper left-hand corner is the
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Vincent C. Hascall
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THE EFFECT OF THE DEGREE OF CROSSLINKING

ON THE MODULUS OF HYLAN

ABSTRACT

by

- Maida A. Ludwig

* Biomaterials are an integral part of clinical medicine and advances made in this |
field are sure to have profound effects. An optimal biomaterial will not elicit an immune
response l;y the body, is suitable for various applications, is easy to handle, and can be
altered to match its intended use. Hylan is a biomaterial that may possess all of these
characteristics.

If the relationship between the degree of crosslinking and the modulus of hylan
can be defined, manufacturers will be able to produce hylan with an appropriate modulus
for a specific application.v To define this relationship, FACE (fluorescence-activated
carbohydrate electrophoretic) analysis was used to explore the degree of crosslinking of
hylan. Compression testing and tensile testing were performed to determine the modulus
of hylan materials.

It was found that the concentration (mg/ml) of releasable hyaluronan found by
FACE analysis correlated reasonably well with the compressive modulus of hylan. If the
production of hylan is more tightly controlled, this relationship may be even more

reliable than demonstrated here.
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l. INTRODUCTION
1.1. Specific Aims

Although numerous biomaterials exist, the need for a better biomaterial never
ceases. The proposed study is to characterize a biomaterial made from crosslinked
hyaluronan, known as hylan, fhat is.inert in the body, display; significant elastic
properties, and can be used for a variety of applications. The specific goal of this project
is to determine the relation between the degree of crosslinking and the modulus of hylan.
This relationship will allow the specification of a certain degree of crosslinking in the
manufacturing process in order to obtain the desired modulus }of the hylan specimens.
This is extremely useful because the modulus of hylan can be changed to suit a variety of
applications.

In order to reach the goal, two main areas need to be addressed:

1) The degree of crosslinking of the hylan specimens needs to be defined by
biochemical analysis in terms of the specimen’s moles of releasable hyaluronan
(HA), and moles of functional group associated with HA crosslinking.

2) The modulus of the hylan specimens needs to be determined.

The data from these experiments will be evaluated to quantify the relation

between the degree of crosslinking and the modulus of hylan.
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1.2. Significance

Biomaterials are an essential part of clinical medicine. Although there are
presently many good biomaterials, none are perfect. A biomaterial that does not elicit an
immune response by the body, is suitable for a variety of applications, can be altered to
fit specific situations, and is easy to work with would be a great advance in the world of
biomaterials. Hylan is a biomaterial that may possess all of these characteristics.

Hyaluronan is a polysaccharide that is produced by almost all cells of the human
body. Under physiological conditions, HA exists in a highly hydrated form due to its |
negatively charged carboxyl groups. It can be covalently crosslinked to form a water
insoluble material called hylan, that demonstrates sufficient mechanical properties for
clinical applications. The useful aspect of hylan is the combination of its elastic
properties and its biocompatibility. Hylan can be used for a variety of applications
because its properties can be changed from a soft gel to a solid material by varying the
amount of crosslinking (Band 1996). Experiments with hylan have shown it to be inert in
the body. It does not elicit an immune response, or cause adverse tissue reactions when
implanted (Larsen 1992).

If a relationship between the degree of crosslinking and the modulus of the hylan
substrates can be defined, it will be possible to specify the characteristics desired for a
certain application and then know the amount of crosslinking that is needed in the
manufacturing process to produce the appropriate material. Hylan could be a candidate

for applications that presently utilize collagen substrates (one example being an artificial
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skin substrate) because it does not elicit an immune response by the body, demonstrates
longer residence times than collagen, and there is no need for prerequisite skin tests of
patients (Larsen 1992). Hylan is already used for a variety of other biomaterial
applications such as soft tissue replacements, drug delivery vehicles, viscosurgery,

treatment of arthritis, and post-surgical adhesion management (Balazs 1995).
1.3. Background of Hyaiuronan and Hylan

Hyaluronan is an ubiquitous polysaccharide with a repeating disaccharide of

glucuronic acid and N-acetylglucosamine (Fig 1-1).

ololo H2COH
o.. 0

~0 GIcA 0-K GicNAc O
I\IIH
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Figure 1-1: Structure of Hyaluronan disaccharide

-D-glucuronic acid-beta-1,3-D-N-acetylglucosamine-beta-1,4-
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[t forms large linear polymers where the number of disaccharides can reach 30,000 units,
with a molecular mass of more than 10 MDa (Hascall 1989). It exists in vivo as a
polyanion, not in the protonated acid form. Nearly all cells of the body synthesize
hyaluronan. One of the highest concentrations of hyaluronan in the body is found in the
epidermis. “Hyaluronan has been shown to determine skin turgor (hydration), provide
viscoelasticity and sﬁock absorption, and to play an important role in tissue regeneration
during healing. More recently, its important role in epidermal function hasv likewise been
recognized” (Balazs 1995).

HA synthesis appears to occur in a compartment associated with the cell surface,
rather tha;1 in the Golgi. vTo date, experiments indicate that HA is elongated at its
reducing end by adding UDP-N-acetylglucosamine with displacement of UDP from the
UDP-glucuronosyl residue which occupies the reducing end. The HA molecule is
extruded directly into the extracellular space (Hascall 1991).

“The highest concentrations of hyaluronan occur in synovial fluid, vitreous body,
skin and certain specialized tissues such as umbilical cord and rooster comb, during fetal

| develo;ﬁment, and in tissue repair and regeneration” (Fraser 1989). The largest amounts
are in the intercellular matrix of skin and musculoskeletal tissues. During early
development and before tissue differentiation, HA without or with only small amounts of
proteoglycans can be the major structural macromolecule in the extracellular matrix. In
this situation it can promote cell proliferation and migration (Wight 1991). HA-based
extracellular matrices often provide a pathway for cells, such as neural crest cells and
hematopoietic cells, to move along. The HA-based matrices also provide an environment

where cells differentiate and form new matrices (Wight 1991). Elevated levels of HA are
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found during wound healing (Oksala 1995) as well as during inflammation (Lesley
1997).

Metabolic degradation of HA is mainly intracellular and uptake is performed by a
receptor. The endothelial cells lining the sinusoids of the liver and lymph nodes provide
the main avenue for uptake and metabolism (Fraser 1989). The metabolic cycle, from
polymer to acetate can be completed in vivo in less than 10 min (Fraser 1989).

HA has been found to be important in terms of the changes that occur in the skin
of elderly people. A study by Ghersetich et al. found that there was a reduction in the
number of electron-dense granules of HA, and of their filaments, until they were
completel-y absent in subjects aged 60. They concluded that the different levels of HA in
the dermis could result in most important changes that occur in the skin, namely,
decreased turgidity, less support for microvessels, wrinkling, and altered elasticity
(Ghersetich 1994). Another study found that neither the concentration nor polymer size
of hyaluronan changes with age (Ludger 1994). However, they did observe that
enhanced association of HA with tissue occurs, most likely through HA-binding proteins
and changes in the histolocalization of HA. These findings may be the cause of the
changes that occur in human skin with age (Ludger 1994).

Hyaluronan is a highly viscous solution that has an expanded random coil
structure in physiological solutions and therefore occupies a large domain. Because of
this structure, small molecules are free to diffuse fhrough the solvent within the domain.
Larger molecules will have much more trouble diffusing through and are more likely to

be excluded the larger they are. However, the hyaluronan chains are always moving in




solution. Therefore, it is theoretically possible for a molecule of any size to pass through,
where the larger molecules would pass through much more slowly.

Hyaluronan does not cause the body to react to it in a negative manner.
“Numerous in vitro and in vivo studies have shown that hyaluronic acid is a noncytotoxic,
nonimmunogenic and noninflammatory macromolecule” (Larsen 1985). The hyaluronan
molecule is identical in all species (Balazs 1991), which is beneficial in many respects.

In terms of the body’s reaction to hyaluronan, it presents very little risk of
hypex_‘sensitivity or rejection reactions, it requires no prerequisite skin test for prospective
patients, and implant resorption due to tissue reaction is minimized therefore avoiding the
need for r;epeated applications (Larsen 1992). The fact that hyaluronan is identical across
species is also advantageous in terms of ease and cost effectiveness of utilizing it for
applications. It is obtained from rooster comb where it is present at high concentrations
(7.5 mg/ml), then purified, and sold by Pharmacia (trade name Healon) for clinical
purposes. [t is presently used to replace the vitreous of the eye during eye surgery and
the synovial fluid of the knee joint during knee surgery (Balazs & Denlinger 1989).

Processes have been developed by Biomatrix, Inc. (CEO, Endre Balazs) to
introduce covalent crosslinks between individual hyaluronan molecules, which changes
their properties from viscous solution to elastic material. This class of materials is named
hylans, and is the material being used in these experiments. Crdsslinking can affect the
optical properties, where higher crosslink density creates a less translucent material, as
well as the chemical properties of hyaluronan. | Crosslinking changes the solubility and
rheological characteristics of the molecule, but it does not affect the biocompatibility of

the hyaluronan polymer (Larsen 1995). “It has been well documented that purified,
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noninflammatory hyaluronan does not elicit humoral or cell mediated immune reactions.
Hylan and hylan gels have been shown to behave identically to the native polymer in this
regard” (Larsen 1994). Larsen et al. performed an experiment where a hylan gel slurry
was injected intradermally and subdermally in mice. They found that there was a
minimal reaction at 24 hours, and subsequently (for seven weeks) there was no
significant tissue reaction (Larsen 1994). Additionally, Larsen et al. evaluated the
immune response to the hylan gel slurry in rabbits. Unmodified hylan gel slurry,
degraded hylan gel slurry, and hylan gel slurry-ovalbumin were used to immunize
rabbits, none of which produced an antibody response (Larsen 1994). Because hylan is
composed of carbohydrates, it would not be expected to elicit an immune response and
.indeed, that was what was seen in Larsen’s experiments. The results of these
experiments and similar ones (Larsen 1995) “suggest that hylan materials are not
recognized as ‘foreign’ by the cells with which they interact. Typically, hylan materials
exhibit remarkable local and systemic tolerance and compatibility” (Larsen 1995).
Hylan preparations have shown to be superior to hyaluronan in medical
applications in a number of different respects. In one study, radio-labeled hylan gel was
injected into the dermis of guinea pigs. The study was conducted for a period of one
month and it was found that the hylan gel completely remained at the site of implantation
(within experimental error) (Balazs 1991, Larsen 1993). Unmodified (uncrosslinked)
hyaluronan is eliminated much more rapidly by the body, especially in places of high
mechanical stresses. Residence time can be controlled by the crosslinking reaction
conditions used, to give anything from a soft, deformable gel to a solid membrane, with

prolonged to permanent residence times (Band 1996). The hylan samples used in these
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experiments have permanent residence times, although gels with shorter residence times
also have applications. Saphwan et a/. have shown that hylan is able to sustain its
integrity as a viscoelastic material three times better than high molecular weight
hyaluronan in environments where -OH radicals are present, such as in an inflamed joint
(Saphwan 1995).

Elasticity and not eliciting an immune response are the main advantages that
hylan biomaterials possess. Crossiinked hyaluronan (hytan) will be especially useful as a
substrate for growing a skin replacement since it possesses elastic properties as does skin.
We will be testing the mechanical properties of hylan to try to determine the modulus of
elasticity a:nd extensibility, just as has been done for in vivo testing of skin (Clark 1996).
We will determine the maximum load in addition to the other parameters, as was done
when Osbome et al. performed testing of crosslinked collagen substrates used as artificial

skin substrates (Osborne 1998).

Presently, a typical substrate used for correction of soft tissue defects is a collagen
implant. However, it has been widely shown that collagen implants often have very short
residence times because they ére resorbed by the body, are associated with a low
incidence of hypersensitivity reactions, and prospective patients must undergo skin
testing prior to collagen administration (Larsen 1993, 1995, Balazs 1995). Hylan has
bg:en shown to circumvent these problems. Because of this, future purposes of using
hylan for artificial skin substrate look promising. Crosslinked collagen substrates for use
as an artificial skin substrate have been tested. It has been shown that certain
crosslinking reagents gave results that significantly improved the mechanical properties

of the material for use in clinical applications (Osborne 1998). Hopefully, hylan will also
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reveal mechanical properties appropriate for clinical use. If so, hylan could prove to be a
valuable biomaterial because it does not cause the body to produce an immune response

and it possesses elastic properties.
1.4. Future Directions

As of yet, “there is no true replacement for healthy, intact skin, which is the
body’s largest organ and one of the most complex” (Strange 1997). Skin provides many
important‘ functions, including acting as a barrier to moisture loss, UV light, and
inicrobial s.nd chemical invasion (Gallico 1995). It alsovaids in the control of temperature
and is an important sensory organ.

Presently, the most common solution to covering a wound is autografting (Strange
1997). Often the graft is meshed (small slits are placed in the graft) so that it can be
stretched to cover a greater portion of the wound site. Despite meshing to cover more
area, sometimes autografting is still not possible. This is true in severe burn cases where
there is no.t .enough undamaged skin in order to take a graft (Hansbrough 1994). Also, in
elderly patients the skin is much thinner making graft excision difficult and the donor site
is often slow to heal (Strange 1997). Additionally, some patients can not handle the
trauma of an additional wound (Strange 1997).

In cases where autografting is not immediately possible, the wounds have to be
temporarily covered. Two techniques presently employed are allografts, grafts from the
same species, and xenografts, grafts from other species. In the United States, fresh or

cryopreserved cadaver skin is the preferred choice, but it is often in short supply, of
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variable quality, presents the possibility of transmitting both bacterial and viral diseases,
and ultimately results in rejection (Hansbrough 1994). In either case, the allograft or
xenograft is quickly rejected (days to weeks) by the patient’s immune system and must be
replaced (Strange 1997).

Because of the present complications in covering wounds, the development of a
temporary artificial epidermis for use in clinical applications would be a relief for many
doctors, as well as patients. There are several properties that need to be taken into
account when considering the design of an artificial epidermis. It must have very small
to no antigenic effect on the body, promote growth of a new epidermis, be biologically
stable, ha\;e tensile strength similar to the natural epidermis, and be easy to handle. The
goal is to produce a confluent sheet of cultured keratinocytes on an appropriate substance
for skin grafting. Presently, the most common substrate for artificial skin is composed of
collagen (Hanthamrongwit 1996).

Once optimum mechanical properties are determined by this project, we are
interested in using hylan as a substrate for growing epidermal keratinocytes to form a
temporary artificial epidermis. It will be determined whether these cells can form a
basement membrane and undergo differentiation when grown on hylan. If successful, the
result would be a fully functioning epidermal layer upon a non-immunogenic substrate.
This could be implanted on a dermal layer to provide the barrier function and to prevent
moisture loss as normal skin does. Fluid exchange would be permitted between the

epidermal layer and the dermis but host cells would not have access to epidermal cells,

therefore bypassing the possibility of a severe immune response.
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1.5. Introduction of Biochemical Analysis Techniques

To determine the composition of hylan gels it is necessary to evaluate the amount
of hyaluronan and amount of crosslinking present. A relatively new method for
determining these quantities is fluorophore-assisted carbohydrate electrophoresis (FACE)
- gel analysis. To confimm the findings of the FACE analysis, uronic acid assays will also
be performed to quantify the amount of hyaluronan in hylan, but will not relate any
information about the degree of crosslinking. To ascertain that what is seen in the FACE
analysis is indeed crosslinks, hylan samples with '4C radiolabel incorporated into the

crosslinking moiety will be analyzed.
1.5.1. Background of Enzyme Digestion used in FACE Analysis
The vﬁr.st step necessary in FACE gel analysis is to digest the sample with the

enzyme hyaluronidase from streptococcus dysgalactiae (SD). This enzyme is an

eliminase and digests the hyaluronan polysaccharide into disaccharide units (Figure 1-2)
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Figure 1-2 : Enzyme digestion on Healon (hyaluronan)

and units containing crosslink, if present (Figure 1-3), while also creating a reducing
group on the end of each unit. The crosslinked groups contain at least one crosslink and
several HA disaccharides because the enzyme is not able to cleave the divinyl sulfone
crosslink and is only able to cleave near the crosslink. This results in a much larger
group being created than the HA disaccharide group. Additionally, the enzyme does not
always stop digesting a precise distance from the crosslink, so various sized crosslinked
groups are created. Furthermore, the enzyme may create a crosslink group that contains
more than one divinyl sulfone crosslink between multiple chains, creating even larger
structures. Another possibility is the creation of a unit that contains a pendant group, due
to the side reaction that is possible betweén the divinyl sulfone group and water. Pendant
groups are formed when the divinyl sulfone crosslink reacts with a HA chain on one end,
and reacts with water on the other end (Figure 1-3). Therefore, a pendant group is

formed instead of a functional crosslink.
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Enzyme Digestion on Hylan

J-U-N U-N-U-N-UNFU-NJU-N-
y
AU-N AU-N-U-N-
v

HA Disaccharide Pendant Group Functional Crosslink

U=glucuronic acid, N=N-acetylglucosamine, V=divinyl sulfone

Figure 1-3 : Enzyme digestion on hylan (cross-linked hyaluronan)
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1.5.2. Difference in HA Measurements between FACE and Uronic Acid Assay

[t is important to recognize the difference between what FACE and the uronic
acid assay measure in terms of HA. When FACE mg/ml HA is reported it is the mg/ml
of HA disaccharide that is released by enzyme digestion. If the entire sample is not
digested the number given will be artificially low. Also, it relates information only about
the HA disaccharide band, not the crosslinked bands containing HA. The uronic acid
assay, on the other hand, relates information about the entire HA content. It is able to
destroy all the crosslinks so it can evaluate the HA in total. The uronic acid assay also
analyzes t:be released products of enzyme digestion. Therefore, just as in the FACE

assay, if the entire sample is not digested the number reported will be artificially low.

1.6. Radiolabeled Hylan Experiments

Hylan with "*C labeled divinyl sulfone crosslinks were analyzed to try to
determine which bands on the FACE gels contain crosslinks and which do not. Because
the radioactive label is only present on the crosslinking agent, pure HA will not contain

any radioactivity.
1.7.  Introduction of Mechanical Testing Techniques

All materials testing was carried out on an Instron servohydraulic testing

machine. Compression testing and tensile testing was performed on various formulations
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of hylan, including saline washed hylans and isopropanol washed hylans (see 2.1.2).
Additionally, a collagen gel was tested in compression. This was done so we could
directly compare the compressive modulus of hylan with the compressive modulus of a
collagen gel. A collagen gel was chosen because it is considered a standard substrate for
cell culture, and appeared to have a somewhat similar modulus to hylan. This gives a

direct comparison of hylan to a material that is well known and characterized.
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2. MATERIALS AND METHODS
2.1. Materials

2.1.1. Hylan Samples

Biomatrix, Inc. of Ridgefield, New J ersey, provided multiple formulations of
hylan. The formulations vary with respect to the amount of crﬂosslinking reagent used and
the amount of hyaluronan present in the gels. In addition, Healon, which is a solution of
hyaluronan with no crosslinks, was tested. After evaluating the first set of formulations
created, additional formulations were made to meet our specifications.

To make the hylan samples, hyaluronan (HA) molecules are added to water to
give 4% HA. Then, 0.1 M NaOH is added to decrease the viscosity of the solution to
allow for sufficient mixing, and the divinyl sulfone crosslinking reagent is added.
Pushing between two syringes connected with a barrel mixes it, which helps ensure
satisfactory mixing and no air bubbles. The gel solution is then placed in a petri dish to
set for about one hour.

To make hylan formulations with different amounts of crosslinking, the ratio of
HA weight to divinyl sulfone weight added to the reaction mixture is varied. The
formulations are named according to the ratio of these reagents added during their
production, regardless of what the actual resulting material contains. For example, hylan
B167-1.0 is hylan B from lot 167 with a 1:1 ratio of HA weight and divinyl sulfone

weight added. Hylan B180-1.8 is hylan B from lot 180 with a 1.8:1 ratio of HA weight to

divinyl sulfone weight.
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2.1.2. Hylan Wash Methods

All hylan samples were prepared in the same manner. However, two possible
wash procedures can be performed after the gel is made. One method is the standard
wash, which is a wash done in saline. The other wash is done first in isopropanol
overnight and then in saline. The wash method chosen produces dramatic differences in

the final hylan product.
2.1.3. Collagen Gel

The collagen gel was prepared from type I rat tail collagen at 3.85 mg/ml
(Collaborative Research). Two ml of 10X Hanks Balanced Salt Solution (HBSS) was
premixed with 200 pl of 7% sodium Bicarbonate. This mixture is added to predilutéd
collagen (3.85 mg/ml diluted to 2.5 mg/ml in 0.02 N acetic acid) at a ratio of 0.5 ml to 4
ml collagen such that the final collagen concentration is 2.2 mg/ml. Then, 1 M NaOH is
added at a ratio of 100-120 pl per 4 ml collagen-O.s ml HBSS/sodium bicarbonate. This
is mi“xed well avoiding air bubi)les. Five ml of this solution was quickly aliquoted into a

35 mm tissue culture dish and placed in a 37°C incubator for one hour.
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2.2. Biochemical Analysis

2.2.1. FACE Gel Analysis

2.2.1.1. Enzyme Digestion of Hylan

T9 perform the enzyme digestion, five milligrams (wet weight) of hylan is taken
and added to 95 pl of ammonium acetate with 0.005% phenol red to ascertain correct pH
of 7.0. One pl of hyaluronidase streptococcal disgalactie (SD) is added, mixed gently by
flicking with the finger, spun down, and placed in a 37°C water bath for 4 hours. Every
hour the tube is gently mixed as before and spun down. After 4 hours, the digested

samples are completely dried down on a speed vacuum.

2.2.1.2. Fluorotagging

The reducing groups created by enzyme digestion can be fluorotagged using 2-
aminoacridone (AMAC) (Calabro #1 2000). Forty microliters (ul) 0£0.0125 M AMAC
in DMSO and acetic acid (85% DMSO; 15% acetic acid) is added to the dried down
sample, vortexed well, and incubated at room temperature for 10-15 minutes. Forty pl of
1.25 M sodium cyanoborohydride is then added, vortexed well, spun down, and

incubated at 37°C for 15-16 hours.
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2.2.1.3. FACE Gel Analysis

Once the samples are fluorotagged they can be run on a fluorescence-activated
carbohydrate electrophoretic (FACE) gel. The FACE gel separates derivatives based on
molecular weight and charge and thereby separates the disaccharide units and the
crosslinked units produced by the enzyme digest. The FACE apparatus is prepared by
cooling it with ice atop a stir plate and adding FACE gel running buffer to the chamber.
The FACE gels are rinsed with puriﬁed. water and inserted into the holder, which is then
placed into the chamber of buffer. Twenty ul of glycerol are added to each fluorotagged
sample, arid § ul of the samples are then loaded onto the gel by means of a multi-channel
pipetter. There are eight available lanes on each gel, and one or two of the eight lanes are
used for standards. Two gels can be run in each set-up. A power supply is connected to
the FACE apparatus and set to 500V. The gel is electrophoresed for 80 min. The gel is
removed from the FACE apparatus, and the intensity of the fluorescence in each band is
captured digitally with a cooled, charged-coupled device (CCD) camera upon exposure to

a transilluminator. Gel-pro analyzer software is used to analyze the data obtained from

~ the digital image. The information from this analysis allows the calculation of the moles

of hyaluronan and the moles of crosslinks present in the hylan samples.

2.2.2. Uronic Acid Assay

One hundred ul of previously digested hylan samples (see 2.2.1.1.) are placed in
glass tubes. One hundred pl of each of 5 standards are added to a glass tube. To each

tube, 750 ul of concentrated sulfuric acid tetraborate is added, and the tubes are placed on
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a 100°C hotplate for S min. The tubes are placed in a room temperature water bath for 5
min., and then 10 ul of hydroxyphenol is added. The tubes are vortexed well, and 250 ul
of each sample is added to a well of a 96-well plate. A plate reader and the softmax-pro
software package (Molecular Devices, Corp.) were used to read the plate. The given
values can be converted into moles of hyaluronan for comparison with the information

obtained from the FACE analysis.

2.3. Radiolabeled Hylan Analysis

-For the hylan samples with radiolabeled crosslinks, this same procedure is
followed for running a FACE analysis (see 2.2.1.), but in addition the bands that
fluoresce are cut from the gel and put into a scintillation counter to verify which bands on
the FACE gel contain crosslinks. For crosslink A, B, C, and HA bands, the gel was cut
horizontally all the way across the gel, along the top and bottom edge of each row
containing a specific band, as close to the band as possible (see Figure 3-2 for band
locations). Crosslink D was cut in the same manner except it contained all the
fluorescent material (the smeared-looking region) found below crosslink C (see Figure 3-
2). Radioactivity was measured using a Beckman LS 6500 Scintillation Counter.

Scintillation fluid was ScintiSafe Plus 50% from Fisher Scientific.
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2.4. Swelling of Hylan

All hylan samples afrive from Biomatrix, Inc. stored in saline solution and are
kept that way for all studies except in preparation for FTIR analysis in which case they
are kept in water. To analyze how much the samples swell in water as compared to saline
a simple experiment was performed. A piece of hylan, approximately SOO-IIOOO mg,
stored in saline is dabbed dry with a Kimwipé and then weighed. The piece of hylan is
then placed in 14 mL of walter and agitated on a shaker plate set on low for 2 days. The
hylan is o;nce again dabbed dry with a Kimwipe and weighed. The percent swell is

waterweight — salineweight £100%
0

calculated as follows: - ,
salineweight

2.5. Mechanical Analysis

bAll materials testing was carried out on an Instron servohydraulic testing
machine Model#8511 with the 8500P1us controller. Machine control and data acquisition
were done through custom written software routines in Labview running on a PC with the
Windows NT 4.0 operating system. Communication between the PC and the 8500Plus

controller was accomplished through a GPIB interface.

2.5.1. Compression Testing

Specimens were cut with a circular punch 10 mm in diameter. All samples

were between 4 and 7 mm thick. The specimens were compressed without constraining
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the edges. Compression tests were run at | mm/s with a data acquisition rate of 200 Hz.
The rate of lmm/s was chosen for safety of the load cell. When performing compression
tests on hylan, the testing platens must be brought extremely close together because the
hylan is very thin. This presents a risk of breaking the load cell. Therefore, a lower
testing rate was chosen for compression than tension so that we were able to monitor the
experiment, and stop it if there were problems that would result in breaking of thé‘load
‘cell. A5 b, hermetically sealed, tension/compression rated Sensotec Loadcell (Model
30) was used. Samples were placed on Ia 30 mm diameter aluminum loading platen that
screwed into the loadcell on the bottom of the frame. Aq identical loading platen was
mounted t-o the cross-head of the Instron. The top platen was lowered ﬁntil it was 1-3
mm from the top of the test specimen. From this point the distance between the top and
bottom platen faces was measured and was called the initial start length. Compression
tests were started from this position and a ramp of | mm/s was run with an amplitude set
to bring the platen faces to within 3 mm of each other. The test ended if either the load

exceeded 1500 g, or the platens came within 3 mm of each other. All tests were done in

air.
2.5.2. Compression Testing Data Analysis

The load vs. displacement data were converted into stress vs. strain and plotted
in Microsoft Excel. To convert load into stress in Pascals, the load in kg is multiplied by
gravity in m/s%, and that quantity is divided by the cross-sectional area in m®. The cross-

sectional area is nir’. To convert displacement into strain, the chop point is subtracted
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from the displacement, and that quantity is divided by the gauge length. The entire
quantity is multiplied by 100 to give percent strain. The distance between the top and
bottom testing platen faces is called the initial start length. The chop point is taken as the
number in the raw data where the specimen first takes on load. The gauge length is
defined as the initial start length minus the chop point.

The slope between 20-30% strain was taken as the compressive modulus, and
named the compressi.ve modulus at 25% strain. The slope between 5-15% strain was
taken for some samples, and name the compressive modulus at 10% strain. The mean
compressive modulus and standard deviation from the three samples taken is calculated
and repor;ed for each hylan formulation. The compressive modulus was taken between
20-30% because this region is relevant for clinical applications. Although at higher
strains, such as 70-80%, the compressive modulus becomes much larger, this only
happens after passing through a non-linear region (Figure 2-1). The data following the
non-linear region are representative of a highly compressed, very thin film, and are not
characteristic of a realistic rﬁaterial property of hylan. Therefore the data following the

non-linear region will not be presented for any further samples. Only the relevant region

will be plotted in the results section.
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Figure 2-I: Full plot of data for hylan B180-1.2 compression testing demonstrating non-

linear region of the data.

2.5.3. Tensile Testing

Three samples of each isopropanol washed hylan formulation were tested in
tension. Specimens were 10 mm x 25 mm, and the thickness was measured using a
custom designed thickness measuring system that consists of a very light plastic plunger
attached to a Mitutoyo digital indicator. The specimen was placed in the Instron machine
with an initial starting length of 15 mm. Delrin grips with copper mesh lining to engage
the samples were used to hold the sample. The test ramp was set to 4 mm/s with a digital
acquisition rate of 200 Hz. The testing was performed in a tank of saline at 37°C. The
same load cell was used in these tests as in compression tests. Each sample was
preconditioned to 20 g for 3 cycles and then the 4th cycle was stored. Stress relaxation

and failure tests were performed as well. Failure tests were run at 2 mm/s. Preliminary
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stress relaxation experiments (data not shown) indicated that hylan is mostly an elastic
material, with only a small viscous component. Therefore, the small difference in testing
rates should not play much of a role since elastic materials are typically strain rate

independent. Curves were plotted in Microsoft Excel. -
2.5.4. Tensile Testing Data Analysis

The load vs. displacement data acquired were converted into stress vs. strain, and
analyzed ip the same manner as the compression data. The only difference being that
| when the load was converted into stress, the cross-sectional area was taken as the width
multiplied by the thickness, not as nr?, since the hylan was cut into rectangular strips for
tension testing. Failure parameters were taken directly frorﬁ the raw data (Figure 2-2).

The curves were plotted in Microsoft Excel.
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Figure 2-2: Definition of Mechanical Parameters
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3. RESULTS

3.1. FACE ANALYSIS OF HEALON AND HYLAN B

FACE analysis of Healon reveals one major band on the gel (Figure 3-1).. This
band is attributed to HA disaccarides. The rest of the lane is clean, indicating only HA
disaccharides are present. The hylan B lane contains several bands (Figure 3-1). Again,
the major band is due to HA disaccharides. The other prominent bands are indicative of
larger HA pieces due to crosslinking. There is a smear in the area of Crosslink C and D,
due to small amounts of various sized HA pieces. The crosslinked bands run to various
places on the gel according to their molecular weight and charge, so their destination can

not be easily predicted (Calabro 2000).
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Figure 3-1: FACE gel of Healon and hylan B

3.2. ANALYSIS OF RADIOLABELED HYLAN

Only 46% of the total radioactivity loaded on the gel was recovered. This is due
to the fact that only some sections were sampled, not the entire gel. The five major bands
labeled account for 38% of the total radioactivity loaded (Figure 3-2). The ratio of

radioactive counts to HA fluorescence and the percentage of the total counts expected

attributed to each band was calculated (Table 3-1).
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Figure 3-2: Radiolabeled hylan gel indicating HA disaccharide and crosslink bands

Table 3-1: Radiolabeled hylan comparison of bands

Band |Radioactive: HA"- % in band of total
Counts fluorescence | counts loaded
Crosslink A 579:1 2.92
Crosslink B 0.24:1 10.62
HA 0.15:1 6.82
Crosslink C 4.00:1 7.26
Crosslink D 23.62:1 10.94
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3.3. FACE ANALYSIS OF HYLAN B167

FACE analysis of hylan B167 shows the major band in each lane to be HA
disaccharides and several smaller bands due to the larger HA pieces created by the
crosslinks (Figure 3-3). Lane 1.0 has significantly less material in all bands due to
incomplete solubilization of hylan. The mg/ml HA in each sample is calculated as well

as the ratio of HA to crosslink B (Table 3-2).
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Figure 3-3: FACE analysis of hylan B167. Number labels on the bottom of the gel

reflect the weight ratio of HA: crosslinking reagent added during the manufacturing of

hylan.

3.4. FACE ANALYSIS OF HYLAN B180

FACE analysis of hylan B180 shows the major band in each lane to be HA
disaccharides which are visibly increasing in amount from 1.0 to the 2.0 sample (Figure

3-4). Several smaller bands of larger HA pieces created by crosslinking are seen as well.




The mg/ml HA in each sample is calculated as well as the ratio of HA to crosslink B

(Table 3-2). Hylan B180-1.0 and B180-1.2 had incomplete solubilization by the enzyme.

B180 FACE Gel
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Figure 3-4: FACE analysis of hylan B180. Number labels on the bottom of the gel
reflect the weight ratio of HA: crosslinking reagent added during the manufacturing of

hylan.

109




Table 3-2: FACE analysis of hylan B167 and B180

Hylan B167 & B180 FACE Analysis

Concentration| HA/crosslinkB

of HA (mg/ml)
B167-1.0* 0.15 7.88
B180-1.0* 0.13 4.87
B180-1.2* 0.18 4.68
B180-1.4 0.49 5.33
B180-1.6 0.51 5.71
B180-1.8 0.77 6.14
B180-2.0 0.99 6.15
B167-2.0 2.30 8.59
B167-2.5 1.69 9.22
B167-3.0 2.06 9.20
B167-3.5 2.53 9.80
B167-4.0 3.20 14.17
B167-5.0 2.85 15.00

* = visible evidence of incomplete solubilization
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3.5 URONIC ACID ASSAY ON HYLAN B167 AND HYLAN B130

Uronic acid assays were performed on aliquots of soluble digest of hylan B167

and B180. The results are found in table 3-3.

Table 3-3: Uronic acid assay of hylan B167 and B180

Hylan B167 & B180
Uronic Acid Assay
Sample Concentration of
HA (mg/ml)

B167-1.0* 0.51
B180-1.0* 3.00
B180-1.2* 7.30
B180-1.4 7.66
B180-1.6 6.74
B180-1.8 5.60
B180-2.0 6.17
B167-2.0 2.21
B167-2.5 2.03
B167-3.0 2.01
B167-3.5 1.81
B167-4.0 1.50
B167-5.0 1.39

* = visible evidence of incomplete solubilization
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3.6. FACE ANALYSIS OF HYLAN B170 AND HYLAN B173

FACE analysis of hylan B170 and B173 shows the major band in each to be HA
disaccharides (Figure 3-5). There are several smaller bands of larger HA pieces due to
crosslinking. Significant differences can be seen between saiine washed samples and
1sopropanol washed samples of the same degree of crosslinking. These differences can
be seen in the calculated mg/ml HA as well (Table 3-4). All of the isopropanol washed

samples had incomplete solubilization by the enzyme.
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B170 & B173 FACE Gel
(Saline vs. Isopropanol Wash)
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Figure 3-5: FACE analysis of hylan B170 (saline wash) and hylan B173 (isopropanol
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wash). Number labels on the bottom of the gel reflect the weight ratio of HA:

crosslinking reagent added during the manufacturing of hylan.
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Table 3-4: FACE analysis results of hylan B170 and B173

High Medium Low
Crosslinking | Crosslinking | Crosslinking
(0.7) (1.4) (1.8)
B170 saline 0.12 mg/ml HA|1.44 mg/ml HA{0.92 mg/ml HA
B173 isopropanol* |0.05 mg/ml HA|0.62 mg/ml HA|0.45 mg/ml HA

* = visible evidence of incomplete solubilization

3.7.URONIC ACID ASSAY ON HYLAN B170 AND HYLAN B173

Uronic acid assays were performed on hylan B170 and B173. The results are

found in table 3-5.

Table 3-5: Uronic acid assay results of hylan B170 and B173

High Medium Low
Crosslinking | Crosslinking | Crosslinking
(0.7) (1.4) (1.8)
B170 saline 4.22 mg/ml HA | 8.28 mg/ml HA | 6.87 mg/ml HA
B173 isopropanol* | 1.76 mg/ml HA |8.30 mg/ml HA |4.58 mg/ml HA

* = visible evidence of incomplete solubilization
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3.8. COMPRESSION TESTING OF HYLAN B167 AND B180

Compression testing of hylan B167 and B180 showed reproducible results as
indicated by the standard deviations (Table 3-6) and the similarnity of the curves for each

of the three specimens taken from each sample (see Appendix). A general, but not
absolute, trend of increasing modulus is seen as the amount of crosslinking reagent used

increases, which can be seen in the graphs and the table (see Appendix and Table 3-6).

Table 3-6: Compressive modulus at 25% strain for hylan B167 & B180

Compressive Modulus at 25% Strain
Sample |Mean (kPa) |Std. Deyv.
B167-1.0 13.04 2.18
B180-1.0 10.57 0.84
B180-1.2 7.79 1.04
B180-1.4 4.04 0.15
B180-1.6 2.73 0.29
B180-1.8 1.94 0.22
B180-2.0 2.05 0.12
B167-2.0 2.05 0.05
B167-2.5 2.52 0.30
B167-3.0 2.25 0.42
B167-3.5 1.86 0.23
B167-4.0 0.83 0.09
B167-5.0 0.84 0.17




3.9. COMPRESSION TESTING OF A COLLAGEN GEL

Compression tests on a 2.2 mg/ml collagen gel did not reveal the sample to

sample similarity as did hylan as shown in the curves (see Appendix). For the collagen

gel, the mean compressive modulus at 25% strain was found to be 21.09 kPa, and the

standard deviation was 6.7.

3.10. TENSILE TESTING OF HYLAN B173

Due to the isopropanol wash, this set of hylan samples had characteristics that

allowed testing in tension, in addition to compression. The elastic modulus, failure

stress, and failure strain were measured for three different crosslinking formulations -

(Table 3-7). A small amount of hysteresis is seen between the loading and unloading

curves (see Appendix).

Table 3-7: Material parameters determined by tensile testing of hylan B173

Hylan B173 Tensile Test
(isopropanol washed hylan)
Modulus, 25% Strain [Failure Strain |Failure Stress
(kPa) (% strain) (kPa)
Mean St. Dev. |Mean |St. Dev.| Mean |St. Dev.
B173-R0.7P 18.90 1.31] 114.58] 15.96] 20.99 3.69
B173-R1.4P 5.23 3.101 154.80] 16.45] 21.65 242
B173-R1.8P 1.84 0.88| 129.48| 20.54{ 14.00 5.93
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3.11. COMPARISON OF COMPRESSIVE AND TENSILE MODULI

It was found that the same hylan material tested in compression and in tension gave
different moduli (Figure 3-6, 3-7, Table 3-8). For both the saline and isopropano! washed
gels, the compression tests gave a modulus approximately one order of magnitude greater
than the tension tests. Additionally, the isopropanol washed hylan has a modulus one

“order of magnitude greater than the same formulation of saline washed hylan, for both the

tensile and compressive cases.
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Figure 3-6: Tension and compression tests on hylan B170-1.8, saline washed
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Figure 3-7: Tension and compression tests on hylan B173-1.8, isopropanol washed

119




Table 3-8: Comparison of testing methods for isopropanol and saline washed hylans

Sample | Testing Modulus, 10% Strain | Modulus, 25% Strain
Method Mean(kPa) Std. Dev. | Mean(kPa) Std. Dev.

B170-1.8 | Tension 0.40 0.32 0.54 0.23

Saline

B170-1.8 | Compression 2.03 0.47 2.77 0.34

Saline

B173-1.8 | Tension 7.13 0.93 8.15; .~ - 0.69

Isoprop

B173-1.8 | Compression 15.11 3.98 45.64 22.06

Isoprop

3.12.  SWELLING EXPERIMENTS

Hylan B167 and B180 were measured as to the percent increase in weight when

stored in water as opposed to saline, and is defined as the percent swell. The recorded

percent swell is shown in Figure 3-8. The'general trend is that hylan samples that had

more crosslinking reagent added during manufacturing, have a smaller percent swell.
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% Swell in Water from Saline
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Figure 3-8: Percent hylan B167 and B180 swell when in water as compared to saline
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4. DISCUSSION

4.1. FACE ANALYSIS OF HEALON AND HYLAN B

To identify which bands in the FACE gel are due to hyaluronan disaccharides and
which are due to crosslinked hyaluronan, Healon, a purified hyaluronan containing no
crosslinks, .and hylan B, a crosslinked hyaluronan, were run on a FACE gel.
Hyaluronidase SD cleaves pure hyaluronan completely into disaccharides, so it would be
expected that only one band would be present. The lane containing Healon fits this
descriptign. It has only one band, which is the HA disaccharide band. It is completely
free of any other bands, indicating that it does not contain any crosslinks. The lane
containing hylan B shows several bands, which is also expected. The HA disaccharide
band is the prominent band and there are several other bands which are bands containing
crosslinked HA. The various bands are due to the different types of crosslinked HA
pieces that can be created by the enzyme digest as discussed previously. The HA band
overlaps the crosslink B Eand to some degree. This did not appear to be as great of a |
problem on other FACE gels. However, one way to solve this problem would be to treat
the samples with mercuric ion prior to AMAC derivatization. This would shift the
crosslinked bands to new places, while the HA band would stay in relatively in the same
location (Calabro 2000). This would allow for easier and more accurate quantification of
crosslink B, since it would no longer overlap with the HA band. Another possible
solution to the problem of overlapping bands would be to load less material in the lane.

If there is less total material present.in the lane, the HA band will be smaller and should

not overlap the crosslink B band.
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4.2. ANALYSIS OF RADIOLABELED HYLAN

The HA disaccharide band should contain no radioactive counts since it contains
no crosslinking. A small number of counts are seen in the HA disaccharide band. This is
most likely due to the fact that because it is such a broad band, it is concealing a small
band that contains crésslinking. Alternatively, the radioactivity could be contributed to
the HA band by crosslink band B, which lies directly above it, if these two bands
overlapped at all. One way to solve this problem would be to treat the samples with

mercuric ion prior to AMAC derivatization, as described previously.

All of the other bands evaluated contain a much higher ratio of radioactive counts
to HA fluorescence, indicating that those bands are bands due to crosslinked HA. The
five main bands analyzed contain 38% of the total counts loaded on the gel. When
considering that only 46% of the total counts loaded were actually measured, it is evident

that these are the major bands containing crosslink. =~
4.3. FACE ANALYSIS OF HYLAN B167 AND HYLAN B180

The hylan B167-1.0,B180-1.0, and B1801.2 samples were not fully solubilizéd
after 4 hours which is why the lanes containing these samples contain less material in all
bands as compared with other lanes. The incomplete solubilization is due to the high
degree of crosslinking present in these samples, which prevents the enzyme from fully
solubilizing it. The general trend of both the hylan B167 and B180, when evaluating the
releasable mg/ml HA, is that the releasable mg/ml HA increases with decreasing amount

of starting crosslinking reagent. This is expected because the more highly crosslinked
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hylans will have more pieces containing crosslink, leaving less material present in the HA
disaccharide band. The ratio of HA to crosslink B follows the expected trend, with the
exception of hylan B167-1.0, and B180-1.0, which are the formulations that could not be
solubilized completely, so the numbers reported are not comparable with the other data.

All other formulations show an increase in the ratio of HA to crosslink B with decreasing

crosslinking reagent added.

4.4, URONIC ACID ASSAY OF HYLAN B167 AND HYLAN B180

The results of the uronic acid assay indicate that with decreasing crosslinking
there is also decreased HA content per wet weight of hylan material. This is reasonable
considering that the materials with less crosslinking will be allowed to swell a greater
amount during the wash step, so for the same wet weight of hylan the less crosslinkedﬂ
hylans will contain more water and less HA and crosslink. Because the assay is done
only on the solubilized portion of the sample, both the hylan B167-1.0 and hylan B180-
1.0 samples have a significantly decreased mg/ml HA because they were not fully |
digested. Although the samples do follow the expected trend, there is quite a large range

of mg/ml HA as detected by this assay. It does not seem realistic that the values would

span such a wide range.
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4.5. FACE ANALYSIS OF HYLAN B170 AND HYLAN B173

The FACE gel containing both hylan B170 and hylan B173 reveals the changes in
the hylan material that the wash procedure can cause. For each formulation, 0.7, 1.4, 1.8,
less than half the material shows up in the hylan B173 isopropanol washed lane as does in
the hylan B170 saline washed lane. This is mainly due to the fact that the enzyme was
not able to fully digest any of the isopropanol washed samples. The hylan B170-0.7 was
not fully solubilized either, but it still produced over twice the mg/ml HA as the hylan
B173-0.7 did. The isopropanol wash has an effect on the hylan that causes it to be
insoluble by the enzyme, even though the hylan was crosslinked in the‘same manner as
other hylan gels that are digestable. It is still unknown what role the isopropanol plays in
changing the characteristics of hylan. The isopropanol washed hylan is opaque, rather
than translucent like the saline washed gels. The isopropanol wash also has dramatic

effects on the mechanical properties of hylan, as will be discussed.
4.6. URONIC ACID ASSAY ON HYLAN B170 AND HYLAN B173

The results of the uronic acid assay on hylan B170 and hylan B173 correlate quite
well with the results of the FACE analysis and the mechanical properties. However, they
donot correlate with the ratios of starting HA to divinyl sulfone. For both B170 and
B173 hylans the medium crosslinked hylan has the highest mg/ml HA. All of the

isopropanol samples had incomplete solubilizations, and it is possible that the B170-0.7
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sample was not fully solubilized either, making the values for all these numbers lower

than they should be since only the solubilized portion is analyzed.
4.7. COMPRESSION TESTING OF HYLAN B167, B180, AND A COLLAGEN GEL

Compression testing was performed and the compressive moduli at 25% strain of
all samples was compared. The samples follow the general trend of increasing
compressive modulus with increasing crosslinking reagent added. The middle group of
samples, between B180-1.8 and B167-3.5, seem to all lay around the same value. The
safnple to'sample variability was quite low, indicating that the hylan gels were uﬁifomly
made. A table (4-1) comparing the moduli of some familiar materials is presented below
to give some indication of how hylan relates to other biomaterials and biological tissues.
It was found that the compressive modulus and the modulus determined by tensile testing
are not equivalent for hylan samples (Table 3-8), and therefore should not be compared
directly. In compression, hylan shows non-linear behavior. However, in tension, hylan
shows highly linear behavior. This is most likely the reason why the moduli measured in
tension and compression do not give the same result. A collagen gel was tested in

compression in the same manner as hylan for direct comparison with hylan results, both

of which are recorded in the table (4-1).
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Table 4-1: Moduli of Various Biomaterials and Biological Tissues

Specjmen Modulus (KPa) | Source of Information
Human Abdominal Skin 1-2 Bader & Bower 1983
Hylan (saline wash, high crosslink)* 10 Experimental Results
Hylan (isopropanol wash, high crosslink) 19 Experimental Results
Collagen Gel, 2.2 mg/ml* 20 Experimental Results
Collagen Gel, 3 mg/ml ' 40 Osborne 1998

Elastin 600 Fung 1993

Collagen (along fiber) 1,000,000 Fung 1993

* = Tested in compression, all others tested in tension

By direct comparison with other materials, the applications of hylan in the world
of biomaterials is defined. It has sufficient properties to serve as a substrate for growing
cells, as an epidermal replacement, or other applications that do not require a high

modulus of elasticity.
4.8. TENSILE TESTING OF HYLAN B173

Tensile testing was performed on three different crosslinking formulations of
isopropanol washed hylan. The isopropanol washed samples were sturdy enough to be
able to perform pre-conditioning. The elastic modulus, failure stress, and failure strain
were measured for each formulation and found to be quite similar. The modulus is the

only parameter measured that directly relates to the amount of crosslinking reagent
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added. The formulation with the highest modulus is the one that has the most crosslinker
added to it, and the middle and lowest modulus correspond to the middle and lowest
amount of crosslinker added, respectively. The isopropanol wash increases the modulus
of hylan by an order of magnitude, making it comparable to the collagen gels tested by

Osbomme (1998) (Table 4-1).

4.9. RELATION BETWEEN AMOUNT OF RELEASABLE HYALURONAN AND

THE COMPRESSIVE MODULUS OF HYLAN SAMPLES

Thé compressive modulus was plotted against hylan formulation, which is the raiio
of HA:crosslinker used in the manufacture of hylan (Figure 4-1). This suggests that even
though a certain amount of crosslinking reagent is added, it can not be assumed that the
resulting hylan actually contains a certain amount of crosslinking. Therefore, some type
of analysis is needed to determine the degree of crosslinking, if the modulus is to be
predicted. From the experiments performed here, it was found that the releasable mg/ml
HA from FACE anal}'/sis indicates the degree of crosslinking and correlates much better
with the compressive modulus than hylan formulation does (Figure 4-2). If the B167 set
and the B180 set are evaluated individually, they both follow a smooth curve. However,
when plotted together the curve is not nearly as smooth. This could be due to the

variations in the production of the two hylan lots.
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Compressive Modulus at 25% Strain
vs. Hylan Formulation
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Figure 4-1: Compressive Modulus at 25% Strain vs. Hylan Formulation
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Releasable HA (mg/ml) vs. Compressive Modulus at
25% Strain
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Figure 4-2: Releasable HA mg/ml! determined by FACE analysis vs. compressive

modulus at 25% strain

4.10. SWELLING EXPERIMENTS

The general trend found is that hylan samples that had more crosslinking reagent
added during manufacturing have a smaller percent swell. This is expected because a
more highly crosslinked materiai will hold the HA molecules together more closely, and
will not allow as much water to permeate the structure, resulting in less swelling.
However, this trend is not followed by many of the samples. Additionally, many of the
samples swell approximately the same percent. Only at the very extremes does the

percent swell correlate well with the amount of crosslinker added. Again, this
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demonstrates that the amount of crosslinking reagent added during manufacture does not

always relate to the mechanical properties of the final product.

4.11. OTHER EXPERIMENTS
4.11.1. Conversion of Saline Washed Hylan to Isopropanol Washed Hylan

To investigate the effects of using an isopropanol wash, we tried to convert a
saline washed hylan into an isopropanol washed hylan. The saline washed hylan, which
was trans;;arent, was taken back into 0.1 M NaOH as it would have existed during the
crosslinking reaction. The NaOH was removed and the isopropanol washes were
performed. Then they were washed in saline, as is typically done after the isopropanol
wash. Upon visual inspection, the samples appeared to have decreased in size and were
more opaque than translucent. This indicates that the process performed on the samples
seems to have converted them, at least partially, to a formulation that more resembled an

" isopropanol washed hylan than a saline washed hylan. To further explore this subject, a

more systematic experimental protocol needs to be developed and pursued.

4.11.2. Seeding of Keratinocytes Upon Hylan
Several different experiments were performed involving keratinocyte seeding on

hylan. Unfortunately, none of the experiments were successful. The keratinocytes

preferred the tissue culture dish over the hylan substrate. They also preferred to ball up
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and assoctate with other cells rather than stick to the hylan. Perhaps coating hylan with
fibronectin, or collagen type I will help the keratinocytes to attach to hylan. These

experiments were preliminary and more extensive studies should be performed.

4.12. FUTURE DIRECTIONS

For future work on this project it would be best make the hylan gels _in—house
rather than obtaining them from an outside source. That would allow tight control of the
way the hylan is prepared, hopefully resulting in less variation in the samples.

It :will be very interesting to pursue the study of the isopropaﬁol washed hylan
samples. The mechanical properties of these materials are superior to the saline washed
hylans in terms of handling which is important for clinical applications. However, until
the differences between the isopropanol washed hylans and the saline washed hylans are
defined, biocompatibility is a question. The isopropanol could be trapped in the hylan
which would not be favorable in terms of biocompatibility.

The seeding of keratinocytes on hylan in hopes of creating an artificial epidermis
is also an area that will be interesting to study. Perhaps through the use of coatings on
the hylan the keratinocytes will be able to attach. Hylan would still be the component in

contact with the body, so the coatings should not affect the biocompatibility of the hylan

substrate.

132




5. WORKS CITED

vBalazs, E.A.; Band, P.A; Denlinger, J.L.; et al. “Matrix Engineering,” Blood
Coagulation and Fibrinolysis, 2(1991) 173-178.

Balazs, E.A.; Denlinger, JL. “Clinical uses of hyaluronan,” The Biology of Hyaluronan,
John Wiley & Sons, New York, 1989.

Balazs, E.A.; Leshchiner, E.; Larsen, N.E.; et al. “Hyaluronan Biomaterials: Medical
Applications,” Encyclopedic Handbook of Biomaterials and Bioengineering, Marcel
Dekker, Inc., New York, 1995.

Band, P.A. “Hyaluronan derivatives: chemistry and clinical applications,” The
Chemistry, Biology and Medical Applications of Hyaluronan and its Derivatives.
Wenner-Gren Intl., 1996.

Calabro, A.; Benavides, M.; Tammi, M.; et al. “Microanalysis of enzyme digests of
hyaluronan and chondroitin/dermatan sulfate by fluorophore-assisted carbohydrate
electrophoresis (FACE),” Glycobiology, 10 [3] (2000) 273-281.

Calabro, A.; Hascall, V.C.; Midura, R.J. “Adaptation of FACE methodology for
microanalysis of total hyaluronan and chondroitin sulfate composition from cartilage,”

Glycobiology, 10 3] (2000) 283-293.

Clark, J.A.; Cheng, J.C.; Leung, K.S. “Mechanical properties of normal skin and
hypertrophic scars,” Burns, 22{6] (1996) 443-446.

Fraser, J.R E.; Laurent, T.C. “Tumover and Metabolism of Hyaluronan,” The Biology of
Hyaluronan. Wiley, Chichester (Ciba Foundation Symposium) 143 (1989) 41-59.

Fung, Y.C.; Biomechanics, Mechanical Properties of Living Tissues, Springer-Verlag,
New York, 1993.

Gallico, G.G.; O’Connor, N.E. “Engineering a Skin Replacement,” Tissue Engineering 1
(1995) 231-240.

Ghersetich, L; Lotti, T.; Campanile, G.; et al. “Hyaluronic Acid in Cutaneous Intrinsic
Aging,” Inter. J. Dermatol., 33 [2] (1994) 119-121.

Hansbrough, J.F.; Morgan, J.; Greenleaf, G.; et al. “Development of a temporary living
skin replacement composed of human neonatal fibroblasts cultured in Biobrane, a
synthetic dressing material,” Surgery, 115 (1994) 633-644.

Hanthamrongwit, M.; Reid, W.H.; Grant, M.H. “Chondroitin-6-sulphate incorporated
into collagen gels for the growth of human keratinocytes: the effect of cross-linking
agents and diamines,” Biomaterials, 17 [6] (1996) 775-780.

133




Hascall, V.C.; Heinegard, D.K.; Wight, T.N. “Proteoglycans: Metabolism and
Pathology,” Cell Biology of Extracellular Matrix, Second Edition. Plenum Press, New

York, 1991.

Larsen, N.E.; Leshchiner, E.; Balazs, E.A. “Use of Hyaluronic Acid as a Biocompatible
Interface in a Vascular Prosthesis,” /*' dtlantic Congress of the Future of Collagen and
Other Connective Tissue Compartments and Biomaterials, Sept. 10-12, 1985, Lyon,
France, Conference Trans. 1, 116-123.

Larsen, N.E.; Leshchiner, E.; Balazs, E.A. “Biocompatibility of Hylan Polymers in
Various Tissue Compartments,” Polymers in Medicine and Pharmacy (Proceedings of
the Matenals Research Society, Spring Meeting, April 17-21, 1995, San Francisco, CA).
Materials Research Society, Pittsburgh, PA, 149-153.

Larsen, N.E.; Leshchiner, E.; Pollak, C.T.; et al. “Evaluation of Hylan B (Hylan Gel) as
Soft Tissue Dermal Implants,” Polymers in Medicine and Pharmacy (Proceedings of the
Materials Research Society, Spring Meeting, April 17-21, 1995, San Francisco, CA).
Materials:Research Society, Pittsburgh, PA: 193-197.

Larsen, N.E.; Pollak, C.T.; Reiner, K.; et al. “Hylan gel biomaterial: Dermal and
immunologic compatibility,” J Biomed Materials Research, 27 (1993) 1129-1134.

Larsen, N.E.; Pollak, C.T.; Reiner, K_; et al. “Hylan Gel for Soft Tissue Augmentation,”
Biotechnology and Bioactive Polymers, Plenium Press, New York, 1994,

Laurent, T.C. The Chemistry, Biology and Medical Applications of Hyaluronan and its
Derivatives, Portland Press Ltd, London, 1998.

Lesley, J.; Hyman, R.; English, N.; et al. “CD44 in Inflammation and Metastasis,”
Glycocony. J., 14 (1997) 611-622.

Ludger, J.M.; Meyer; Stern, R. “Age-Dependent Changes of Hyaluronan in Human
Skin,” J. Invest. Dermatol., 102 (1994) 385-389.

Oksala, O.; Salo, T.; Tammi, R.; et al. “Expression of Proteoglycans and Hyaluronan
During Wound Healing,” J. Histochem. Cytochem., 43 (1995) 125-135.

Osborne, C.S.; Barbenel, J.C.; Smith, D.; et al. “Irivestigation into the tensile properties
of collagen/chondroitin-6-sulphate gels: the effect of crosslinking agents and diamines,”

Med Biol Eng Comput, 36(1} (1998) 129-134.
Saphwan, A.A.; Phillips, G.O.; Deeble, D.J.; et al. “The Enhanced Stability of the Cross-
Linked Hylan Structure to Hydroxyl (OH) Radicals Compared with the Uncross Linked

Hyaluronan,” Radiat Phys Chem, 46[2] (1995) 207-217.

Strange, C.J. “Second Skins,” FDA Consumer 1997, 31 (1997) 12-17.

134




Wight, T.N.; Heinegard, D.K.; Hascall, V.C. “Proteoglycans: Structure and Function,”
Cell Biology of Extracellular Matrix, Second Edition. Plenum Press, New York, 1991.

135




APPENDIX: Graphs of Mechanical Testing Data
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B167-5.0 Compression Test
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B180-1.0 Compression Test
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Abstract A rat epidermal keratinocyte (REK) line which
exhibits histodifferentiation nearly identical to the native
epidermis when cultured at an air-liquid interface was
used to study the metabolism of hyaluronan, the major
intercellular macromolecule present in basal and spinous
cell layers. Two different support matrices were used: re-
constituted collagen fibrils with and without a covering
basal lamina previously deposited by canine kidney
cells. REKs formed a stratified squamous, keratinized
epithelium on both support matrices. Hyaluronan and its
receptor, CD44, colocalized in the basal and spinous lay-
ers similar to their distribution in the native epidermis.
Most (approximately 75%) of the hyaluronan was re-
tained in the epithelium when a basal lamina was present
while most (approximately 80%) diffused out of the epi-
thelium in its absence. While REKSs on the two matrices
synthesized hyaluronan at essentially the same rate, ca-
tabolism of this macromolecule was much higher in the
epithelium on the basal lamina (half-life approximately
| day, similar to its half-life in native human epidermis).

-The formation of a true epidermal compartment in cul-

ture bounded by the cornified layer on the surface and
the basal lamina subjacent to the basal cells provides a
good model within which to study epidermal metabo-
lism.
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introduction

Hyaluronan (hyaluronic acid) is a macromolecule with a
disaccharide repeat formed by the polymerization of al-
ternating glucuronic acid and N-acetylglucosamine resi-
dues. A single hyaluronan molecule can have a molecu-
lar weight of 10 million daltons (approximately 25,000
repeat disaccharides). Because of the large number of
carboxyl groups on the glucuronic acid residues, hyal-
uronan functions as a large polyanion in the body with
its open random coil structure occupying large solvent
domains (Wight et al. 1991; Laurent et al. 1996). Hyal-
uronan is generally regarded as a component of connec-
tive tissue extracellular matrices and, indeed, in embry-
onic connective tissue, it can be the major structural
molecule in the extracellular matrix where it plays roles
in cell proliferation and migration (Toole 1991).

Recent studies have emphasized that hyaiuronan is
not simply a component of connective tissue extracellu-
lar matrices, but that it is also present in restricted loca-
tions within the nervous system (Ripellino et al. 1988;
Bignami et al. 1993) and in certain epithelial tissues
(Mani et al. 1992; Tammi et al. 1994a,b; Yung et al.
1996; Usui et al. 1999) including its universal presence
within stratified epithelia (Tammi et al. 1988, 1990;
Laurent et al. 1995; Wang et al. 1996; Hirvikoski et al.
1999). We (R.T. and M.T.) have studied the distribution
of hyaluronan in the epidermis, a stratified squamous
keratinizing epithelium. Hyaluronan is present in ex-
ceedingly high concentrations in the small intercellular
spaces between adjacent basal and spinous keratinocytes,
among the highest concentrations of any place in the
body (Tammi et al. 1994b, 1999). Additionally, studies
of human skin organ cultures have demonstrated that hy-
aluronan within the epidermis is rapidly turned over, an
observation that suggests that the epidermis possesses
mechanisms to catabolize hyaluronan that are closely
coordinated with its synthesis by keratinocytes (Tammi
etal. 1991).

In skin, both epidermal keratinocytes and the cells
present in the dermis (principally fibroblasts) synthesize
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hyaluronan (Tammi et al. [994b). Because both portions
of the skin (epidermis and dermis) torm and contain hy-
aluronan, it is frequently difficult to resolve the specific
contribution of each component to the overall metabo-
lism and content of this macromolecule in skin. To un-
derstand more completely the nature of hyaluronan syn-
thesis and distribution in the epidermis, we have studied
a rat epidermal cell line in culture. Our initial experi-
ments utilized monolayer cultures to determine how hy-
aluronan is organized on the keratinocyte cell surface
and its relationship to the cell surface hyaluronan-
binding molecule, CD44 (Tammi et al. 1998).

We now extend these studies to the metabolism of
hyaluronan in a reconstituted epidermis formed by the
rat epidermal keratinocytes (REKs) when grown on col-
lagen at the interface between the medium and gaseous
phase of the culture (a “lifted” culture; Lillie et al.
1980). This culture conformation facilitates reformation
of a stratified epithelium that more closely resembles
the native epidermis than conventional “submerged”
cultures and is often called an “organotypic” culture
(Voigt and Fusenig 1979). Midway into our studies, it
became apparent. that while the REKs reformed an epi-
dermis that closely resembled the native tissue, with
basal cells dividing and moving through various cell
strata ultimately to form a cornified (“keratinized™) tis-
sue surface, the epidermis remained “open” on its inferi-
or aspect. In order to form a true epidermal compart-
ment bounded superiorly by the stratum corneum and
inferiorly by a basal lamina, we cultured the REKs on a
collagen matrix that was covered by a basal lamina
previously deposited by Maden Darby canine kidney
(MDCK) cells which were then removed from the ma-
trix prior to adding the keratinocytes. The presence of
the basal lamina on the collagen matrix altered the me-
tabolism and distribution of hyaluronan when compared
to the “open” collagen matrix alone. A comparison of
hyaluronan metabolism on the two different culture sub-
strates and the barrier function of the basal lamina in al-
tering the metabolism of hyaluronan are the subjects of
this report.

Materials and methods

Keratinocyte culture

The REK cell line used in this study was derived from neonatal
REKSs (a gift of Howard Baden) originally isolated by Baden and
Kubilus (1983). The keratinocytes stratify and terminally differen-
tiate (“keratinize”) in culture in the absence of “feeder” cells and
exhibit a particularly high degree of tissue organization when cul-
tured on collagen at the interface between the culture medium and
culture gas phase (MacCallum and Lillie 1990). Stock cultures
were grown in Dulbecco’s modified minimal essential medium
(1 g glucose/t), 10% fetal bovine serum, 50 pg/ml gentamicin sul-
fate (“complete medium”) at 37°C in humiditied 95% air/5% CO,.
Keratinocytes were subcultured by incubating them for approxi-
mately 10 min at 37°C in 0.02% EDTA and 0.05% crystalline
trypsin (Calbiochem, La Joila, Calif., USA) in Ca®*, Mg?*-free
Earle’s balanced salt solution buffered to pH 7.4 with 20 mM
HEPES.

Collagen substrate

Commercially available rat tail collagen {Sigma. St. Louis, Mo..
USA) was dissolved at a concentration of 2.2 mg/ml in 0.034 N
acetic acid at 4°C overnight. The dissolved collagen was dialyzed
at 4°C against 2x500 volumes 0.2 M NaCl in 30 mM TRIS-HCI.
pH 7.6, over 24 h. The dissolved collagen. 800 ul. was added to
individual 24.5-mm-diameter tissue culture inserts (Costar Tran-
swell: 3.0 um pore size). Collagen fibrils were formed by incubat-
ing the tissue culture inserts for 43 min at 37°C in a humidified at-
mosphere. The collagen gels thus formed were used directly with-
out further treatment or. alternatively, were immersed in balanced
salt solution at 4°C until needed.

Preformed basal lamina

MDCK cells were obtained from the American Type Culture Col-
lection (Bethesda, Md., USA) and were subcultivated onto colla-
gen gels in the tissue culture inserts (200,000 cells/24.5-mm in-
sert). The MDCK cells were fed 3 times per week for 18-22 days
using the same medium as that used for the keratinocytes. MDCK
cells were removed using a protocol slightly modified from that of
Huber and Weiss (1989) and Kramer et al. (1985). This required
exposing the cells for approximately 10 min to a sterile 10 mM
TRIS-HCI hypotonic butfer that contained 0.1% bovine serum al-
bumin (BSA) and 0.1 mM CaCl,. pH 7.5. The MDCK cells on the
collagen were subsequently solubilized by incubating them in ster-
ile 0.2% deoxycholate (Calbiochem) in the same buffer for
2x5 min at 37°C followed by incubation in sterile 0.5% Nonidet
P-40 in the same buffer for 5 min at room temperature. After each
incubation, the surface of the Transwell was gently washed using a
Pasteur pipette and the detergent solution removed. When viewed
with a phase microscope, there should be no morphological evi-
dence of the MDCK cells after the second deoxycholate incuba-
tion. Following lysis of the cells, the Transwell culture surface
was covered by-a'basal lamina, deposited by the MDCK cells, sit-
ting on the surface of a collagen gel composed of reconstituted na-
tive collagen fibrils. The cleaned culture substrates are rinsed 3
times over 1 h in balanced salt solution followed by two changes
of complete tissue culture medium over 0.5 h at 37°C. Alternative-
ly, the basal lamina-covered collagen gels can be stored in bal-
anced salt solution at 4°C for several months and subsequently
treated with complete culture medium immediately prior to use.

“Lifted”™ or “organotypic™ keratinocyte cultures

Culwures of REKs just having reached confluence with little or
no morphological evidence of stratification were subcultivated
onto either collagen-covered (designated BL~-) or basal lamina-
coated/collagen-covered (designated BL+) Transwell culture in-
serts at a concentration of 150,000-200,000 REKs/24.5-mm in-
sert. The subcultivated REKs were grown for 2 days with culture
medium present both in the well beneath the Transwell insert as
well as on the surface of the cells. The culture medium was subse-
quently removed from the surtace of the cells and the level of the
medium beneath the Transwell insert adjusted to the level of the
REKSs present on the BL- or BL+ collagen gels. The cultures for
this study were grown for an additional 5 days at 37°C in humidi-
fied 95% air/5% CO, with the medium being changed 3 times per
week.

Electron microscopy

Culture substrates to be examined by scanning electron microsco-
py were fixed for 2 h at room temperature in 2.5% glutaraldehyde
in pH 7.4, 0.1 M sodium cacodylate that contained 4% sucrose and
2 mM CaCl,. The substrates were then sequentially fixed in aque-
ous 1% OsO,, 1% tannic acid, 1% OsO, for | h each before being
dehydrated through ascending concentrations of ethanol. The etha-



not was exchanged by three changes of hexamethyldisilazane from
which the substrates were subsequently air dried. The substrates
were mounted on stubs and sputter coated with platinum/palladi-
um prior to scanning.

Cultures examined as either epoxy-embedded |-um-thick light
microscopic sections or as conventional electron microscopic thin
sections were fixed for 2 h at 4°C in a 50:50 mixture of butfered
2.5% glutaraldehyde and 2% aqueous OsO, with the final mixture
containing 4% sucrose and 2 mM CaCl,. The samples were dehy-
drated in ethanol and propylene oxide and embedded in epoxy res-
in. Sections were stained with either toluidine blue (light micro-
scope) or uranyl acetate and lead citrate (electron microscope).

Histochemical demonstration of hyaluronan

A hyaluronan-specific probe, biotinylated hyaluronan binding
complex (bHABC), was prepared from a 4-M guanidine-HCl ex-
tract of bovine articular cartilage after dialysis and digestion with
trypsin, as described previously (Tammi et al. 1994b). The
bHABC probe exhibited the biotinylated Gl domain of aggrecan
and biotinylated link protein as the only silver stained and biotin-
ylated proteins present when analyzed by SDS-PAGE.

Eight-millimeter circular biopsies were cut from individual
culture inserts and fixed in 2% paraformaldehyde, 2.5% glutarai-
dehyde, 0.5% cetylpyridinium chloride, and 30 mM NaCl in 0.1 M
phosphate buffer, pH 7.4, overnight. The biopsies were washed
with buffer, dehydrated, and embedded in paraffin. Three-micron-
thick sections were cut, deparaffinized, and incubated in (% BSA
in phosphate buffer for 30 min. The sections were then incubated
with bHABC (3-3 ug/ml diluted in 1% BSA, 0.1 M sodium
phosphate, pH 7.4) overnight at 4°C, washed with buffer 3 times
(5 min each), and incubated with avidin-biotin-peroxidase (Vector
Laboratories, Irvine, Calif., USA) for | h at room temperature.
The sections were then incubated for 5 min in 0.05% 3,3'-diami-
nobenzidine (DAB) and 0.03% hydrogen peroxide in the phos-
phate buffer. After washes, the sections were counterstained with
Mayer’s hematoxylin for 2 min, washed, dehydrated, and mounted
in DPX. The specificity of the staining was controlled by preincu-
bating the sections with Streptomyces hyaluronidase (100 turbidi-
ty reducing units/ml) in 50 mM sodium acetate buffer, pH 5.0,
containing protease inhibitors for 3 h at 37°C to remove hyaluro-
nan from the tissue (Tammi et al. 1989). Other controls included
sections reacted with the bHABC probe that was pretreated with
hyaluronan oligosaccharides as described (Tammi et al. 1989) to
block specifically the binding of the probe to endogenous hyaluro-
nan in the sections.

CD44 localization

For the localization of CD44, the tissues were fixed in Histochoice
(Amresco, Solon, Ohio, USA) for 2 h, washed, dehydrated in
graded ethanol, and embedded in paraffin. The sections were first
treated for 5 min with 1% H,O, to block endogenous peroxidase,
and then incubated with 1% BSA in phosphate-buffered saline
(PBS) for 30 min to block non-specific binding. Thereafter the
sections were incubated with monoclonal anti-CD44 (OX350; Bio-
source, Camarillo, Calif., USA; [:50 dilution in 1% BSA) over-
night at 4°C, followed by sequential I-h incubations with biotin-
ylated anti-mouse antibody (Vector; dilution 1:50), and avidin-
biotin-peroxidase (Vector; 1:200 dilution). The color was devel-
oped with DAB as described above. The controls included sec-
tions treated in the same way but omitting the primary antibody, or
by replacing it with non-immune mouse [gG.

Metabolic labeling of REK cultures
Five days after the REK cultures were configured at the gas-liquid

interface (7 days after subcultivation onto the respective matrices),
cultures were metabolically labeled with 20 uCi/mi [*H]glucos-
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amine and 100 uCi/ml 35SO, (both compounds were from Amers-
ham, Little Chalfont, UK) in complete tissue culture medium. Cul-
tures were analyzed at 3, 6, 9; 12, 18. and 24 h after labeling. In
separate cultures, fresh medium without radiolabeled precursors
was added at time 0. At |5 or 24 h, the radiolabeled precursors
were then added in a small aliquot from a concentrated stock solu-
tion to give final concentrations equivalent to the continuously [a-
beled cultures. In each case, these cultures were incubated for an
additional 3.h giving labeling windows of 15-i8 h and 24-27 h.
Addition of isotopes near the end of the experiment was done to
ensure that any changes observed in metabolic labeling were not
due to progressive dilution or exhaustion of the isotopes.

Culture compartments defined

Three “compartments” of the cultures (medium, epithelium, and
matrix) were analyzed. As explained below, values for two of the
compartments (medium and matrix) were combined and expressed
as a single value. At the end of each labeling interval. the medium
(2 ml) was collected and the culture inserts were washed once
with 0.5 ml Dulbecco’s PBS which was added to the medium
(= medium compartment). Thereafter the cultures were immersed
in | ml 0.04% sodium EDTA in PBS for 5 min at 37°C to sepa-
rate the epithelium trom the matrix (Tammi and Tammi 1986).
The epithelial sheets were mechanically lifted off the matrices
(BL+ and BL-) using a stereo microscope and fine needles to ac-
complish the separation. The epithelial sheets were analyzed sepa-
rately (= epithelial compartment) and the EDTA separating solu-
tion was combined with the collagen or basal lamina + collagen
matrix (= matrix compartment). All three compartments were ana-
lyzed for glycosaminoglycans. Some of the separated cultures
were processed for light microscopy to ensure that the separation
between the two compartments took place at the junction of the
basal cells with the underlying matrix (data not shown). Data ob-
tained from the “media” and “matrix” compartments have been
combined and treated as a single value for each time point for the
sake of simplicity in the presentation of graphs and to facilitate the
comparison between the REKs cultured on the two different matri-
ces (BL-or BL+).

Purification of the radiolabeled hyaluronan
and glycosaminoglycans

Carrier hyaluronan (4 pg in 40 ul, Healon; Pharmacia, Uppsala,
Sweden) and 4 volumes [00% ethanol saturated with NaCl were
added to each medium, matrix, and epithelial sheet. After | h at
-20°C, precipitates were centrifuged for 15 min at 2500 g. Each
precipitate was suspended in 200 u! 50 mM sodium acetate,
pH 5.8, containing 5 mM cysteine-HCl and 5 mM sodium EDTA
to which 50 ug papain (Sigma) in 50 pl water was added followed
by incubation at 60°C for 4 h. The samples were heated at 100°C
for 10 min, ceatrifuged at 13.000 g for 15 min, and supernatants
containing hyaluronan and other glycosaminoglycans recovered.
Cetylpyridinium chioride (1% in 20 mM NaCl, 4 volumes) was
added to each supernatant followed by incubation for | h at room
temperature. After centrifugation at 13,000 g for 15 min, each su-
pernatant was carefully removed by aspiration. Each precipitate
was washed with t ml H,O, centrifuged, and the supernatant dis-
carded as above. Each cetylpyridinium chloride precipitate was
dissolved in 50 ul 4 M guanidine-HCI, and 900 ui ethanol, saturat-
ed with NaCl, was added. After [ h at -20°C, each sample was
centrifuged and the precipitate retained.

Each purified sample was dissoived in 50 ul 50 mM sodium
acetate, pH 6.7, and digested for 3 h at 37°C with 25 mU chondro-
itinase ABC and | mU of Streptococcal hyaluronidase (both from
Seikagaku Kogyo, Tokyo, Japan), and 10—45 pl injected onto a
{30 cm Superdex Peptide column (Pharmacia) and eluted at
0.5 mi/min with 0.1 M NH,HCO;. The eluent was monitored at
232 nm, and aliquots of the 250-ul fractions were counted for 3H
and 35S. The carrier hyaluronan produced a disaccharide peak at
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232 nm which was used to monitor the recovery (about 80%) and
correct for any losses in puritication.

lon-exchange chromatography

The radiolabeled disaccharide peaks trom Superdex chromatogra-
phy were dried, redissolved in water, and their identities con-
firmed by ion-exchange chromatography. The non-sulfated disac-
charides and monosultated chondroitin disaccharides were frac-
tionated on 4x50 mm Carbopak MA1 and PAl columns (Dionex,
Sunnyvale, Calif., USA) eluted isocratically with 20 mM and
500 mM sodium phosphate. pH 7.0, respectively. The disulttuted
disaccharides were chromatographed on a 0.4-1.0 M LiCl gradient
on the PAl cotlumn. More than 85% of the radioactivity in the
dried peaks coeluted with standards (Seikagaku Kogyo) in the ex-
pected positions.

Chemical quantitation of hyaluronan with double labeling

The specitic activity of [33S]sulfate in the medium compartment is
the same as that in 3’-phosphoadenosine-3"-phosphosultate, the
metabolic precursor of sulfate incorporation into sulfated glycos-
aminoglycans, after a short equilibration time between the medi-
um and intracellular pools. Thus the 35§ activity in chondroitin
sulfate is a measure of the mass of chondroitin sulfate synthesized
during the labeling period. Conversely. the specific activity of
[*H}glucosamine in the medium is much higher, often more than
100-fold, than the specific activity of the uridine diphosphate
(UDP)-N-acetylhexosamine pool even after equilibration between
the medium and intracetlular compartments. This occurs because
glucose is the primary source of glucosamine inside the cell, and
therefore, metabolic conversion ot glucose to glucosamine dilutes
the specific activity of the exogenous, radiolabeled glucosamine.
This dilution factor is generally unknown. However, we take ad-
vantage of the dual label in the chondroitin sulfate disaccharides
to circumvent this problem.

From the known specific activity of the [33S]sulfate in the me-
dium, the masses of the monosulfated disaccharides were deter-
mined for each sample. Since the UDP-V-acetylhexosamine pool
is a common precursor for both chondroitin suifate and hyaluro-
nan synthesis, the ratio of JH activity for these two glycosamino-
glycans is equivalent to their mass ratio. Thus, the product of the
mass of chondroitin sulfate syathesized (derived from the 35S ac-
tivity) times the ratio of 3H in hyaluronan to that in chondroitin
sulfate is a measure of the mass of hyaluronan synthesized. The
rationale and efficacy of this method is presented in greater detail
in Yanagishita et al. (1989). '

Determination of size distribution of hyaluronan using S{1000
size-exclusion chromatography

Extracts of collagen were combined with the medium, and 0.5 ml
of this sample was used for size distribution determination. The
samples were injected into a 1x30 cm column of Sephacryl S1000
(Pharmacia), eluted with a flow rate of 20 ml/h with sodium ace-
tate buffer (0.15 M, pH 6.8) containing 0.1% CHAPS. Half-
milltliter fractions were collected and two samples of 100 ul were
taken for the assay of hyaluronan using CPC precipitation on ni-
trocetlulose membrane as previously described (Agren et al.
1997). One of the samples was subjected to digestion with Strep-
tomyces hyaluronidase (5 turbidity reducing units/sample) for 3 h
at 37°C before CPC precipitation, while the other sample got an
equal volume of buffer. The difference in DPMs between the undi-
gested and digested sample was used to represent counts in hyal-
uronan.

Resuits
Culture substrates

The basal lamina deposited on the collagen gel by
MDCK cells exhibited a clean, smooth, featureless sur-
face when examined at low power by scanning electron
microscopy (Fig. [A). When the surface of the collagen
gel was gently scraped by fine torceps, the basal lamina
was torn and the underlying collagen fibrils could be vi-
sualized (Fig. 1B.C). When the surface of the basal lami-
na was examined at high power faint, linear profiles that
sometimes overlapped were observed (Fig. 1D,E). These
profiles represented collagen fibrils immediately subja-
cent to the basal lamina that apparently were firmly ad-
herent to the basal lamina because in no case were we
able to peel just the basal lamina from the surface of the
gel without accompanying collagen fibrils.

Occasional (1-2/100 um?), small (<t.0 ym) circular
or oval defects in the lamina were evident at high magni-
fication (Fig. IF). These defects apparently result from
MDCK cell cytoplasmic processes projecting through
the formed basal lamina (Valentich 1982). Thus, while a
basal lamina covers the entire surface of the collagen
gel, it is evident that the lamina is not 100% intact. [Our
experience is that one of each batch of basal lamina-
covered collagen gels should be examined by scanning
electron microscopy before using them as culture sub-
strates because infrequent batches may exhibit many
small holes (approximately 100/100 um?)]. The arrange-
ment and space occupied by the collagen fibrils exposed
by peeling back the basal lamina (Fig. 1C) was charac-
teristic of the collagen matrix without a basal lamina
used in these culture experiments, and was conspicuous-
ly “open” when compared to the basal lamina-covered
collagen gels. '

Morphology of REKs cultured on collagen or basal
lamina-covered collagen at the air-medium interface
(an “organotypic culture”)

REKs subcultured onto either substrate grew to conflu-
ence, stratified, and exhibited the normal progression
from basal cell to cornified surface cell (Fig. 2A,B). The
number of cells in the viable cell strata remained rela-
tively constant from 5 days of lifted culture onward;
however, the cornified layer continued to increase in
thickness as terminally differentiated cells were continu-
ally added for the duration of the culture period (not
shown). The major morphological difference between
REKSs grown on collagen alone (BL-) and REKs grown
on the basal lamina-covered collagen (BL+) was evident
at the junction of the basal keratinocytes with the under-
lying matrix. Basal keratinocytés' grown on collagen
alone exhibited numerous, small cytoplasmic processes
extending from the undersurface of the cell down into
the meshwork of collagen fibrils. With extended culture,
a sizable population of detached cytoplasmic fragments




Fig. IA-F Scanning electron micrographs of basal lamina-
covered collagen support matrices. A' Eight-millimeter diameter
sample of the basal lamina-covered matrix. Armw points to the re-
gion shown in B. B Surface defect made by dragging tine forceps
across the basal famina exposing the underlying collagen. The
edge indicated by the arrow is shown at higher power in C.
C Torn edge of the basal lamina (arrow). The solid surface of the
basal lumina contrasts with the mesh work of collagen fibrils un-
derlying it. Collagen fibrils always were torn away with the basal
lamina when the surface was disturbed indicating that the basal
famina was firmly adherent to the collagen. The arrangement of
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the collagen fibrils in the micrograph is identical to that of matri-
ces used to culture Keratinocytes in the absence of a basal lamina
(BL-). D,E High power scanning electron micrographs of the bas-
al laminar surface tndicating a faint fibrillar texture (examples at
arrows) due o the underlying collagen fibrils. Each micrograph
includes a surface detect made to expose underlying collagen ti-
brils. F Two pores (30 and 80 nm: arrows) in the basal lamina due
to processes of Maden Darby canine kidney cells extending
through the basal lumina as it was being formed. Bar (in D)
1.7 mmin A: 600 um in B: 1.6 wmin C: | ymin D-F
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Fig. 2 Light micrographs of rat epidermal keratinocytes (REKSs)
cultured on collagen alone (BL-: A) and on a basal {amina-cov-
ered collagen gel (BL+; B) after 5 days of growth at the air-liquid
interface of the culture. Arrows mark the junction of the stratitied
epithelia with their support matrices. The upper part of the corni-
fied layer was lost during processing of the BL+ culture (B) and
thus appears thinner than that on the BL~- culture. Basal keratino-
cytes cultured on collagen (BL-) often released cytoplasmic frag-
ments (arrows) from their undersurtace into the collagen matrix
(inset, A). Arrows mark the junction of the epithelium with the
support matrix. Bar 15 ym

(“blebs™) accumulated immediately beneath the basal
cells (Fig. 2A). Basal cells apposed to the basal lamina
exhibited a smooth undersurface (Fig. 2B). Ultrastructur-
al study of the REKs cultured on the two different sub-
strata confirmed the light microscopic results. Basal cells
on collagen alone exhibited cytoplasmic processes ex-
tending from the undersurface of the basal cells down
among the collagen fibrils (Fig. 3A). Basal cells opposite
the basal lamina appeared to have reestablished the nor-
mal basal keratinocyte relationship with the basal lamina

- and exhibited a smooth inferior plasma membrane sur-

face with variable numbers of hemidesmosomes spaced
along its length (Fig. 3B).

B

Hyaluronan and hyaluronan receptor (CD44) localization
in organotypic cultures

Hyaluronan was identified in five 5-day organotypic cul-
tures using a hyaluronan-specific bBHABC purified from
bovine articular cartilage. Hyaluronan was present between
keratinocytes in either culture configuration (BL-, BL+) in
the spinous and basal cell layers with the strongest signal
present between suprabasal spinous cells (Fig. 4A.B). Hy-
aluronan was demonstrable in the subjacent collagenous
matrix either in a beaded pattern (not shown) or as a dif-
fusely stained zone (Fig. 4A) in cultures grown on collagen
alone (BL-), but was absent in cultures grown on a basal
lamina-covered collagen matrix (BL+; Fig. 4B). The hyal-
uronan-binding molecule, CD44, localized immunohisto-
chemically, exhibited a distribution in the cell layers nearly
identical to that of hyaluronan in REKs cultured on either
support matrix (Fig. 4C). CD44 was present in the BL-
collagen matrix in the form of small globular deposits, pre-
sumably localized on the cytoplasmic blebs cast off from
the basal keratinocytes (not shown).

Biosynthesis of glycosaminoglycans by REK
organotypic cultures

The biosynthetic data presented are from a single experi-
ment with one sample for each time point in each group




Fig. 3A.B The junction of basal keratinocytes with support matri-
ces is illustrated. A Basal keratinocytes extend cell processes out
into the underlying mesh of collagen fibrils. often enveloping
groups of fibrils (arrows), when cultured on a collagen support
matrix lacking a basal famina. B The undersurface of a basal kera-
tinocyte opposite a basal lamina (arrowheads) exhibits attachment
specializations, hemidesmosomes (arrows), that are a normal tea-
ture of the native tissue. The “open™ nature of the collagen support
matrix (A: BL-) is evident when compared with boundary formed
by the basal lamina (B; BL+). Bar 0.2 um

(BL+, BL-) together with cultures used in the labeling
window experiments (16 total cultures, each of which
yielded three components that were, in turn, then sub-
jected to eight separate analyses). The data presented are
consistent with two previous experiments that were con-
ducted with fewer time points to establish labeling con-
ditions and times.

Seven-day-old organotypic cultures of REKs were
incubated for different times with [33S|sulfate and
[*H]glucosamine as metabolic precursors for labeling
glycosaminoglycans. The total incorporation of each pre-
cursor into purified glycosaminoglycans is shown in
Fig. 5 as a function of labeling time and for individual
3-h labeling windows (0-3, 12-15, 24-27 h). Incorpora-
tion of 33§ into sulfated glycosaminoglycans (chondroit-

in sulfate and heparan sulfate) decreased with labeling
time, but showed no difference between cuitures with
(BL+) or without (BL-) an intervening basal lamina.
While incorporation of 3H activity into glycosaminogly-
cans also decreased with labeling time, there was a dis-
tinct difference between the two culture configurations
with significantly less label in the BL+ configuration at
times greater than approximately 10 h.

The ditferences in *H incorporation into the glycos-
aminoglycans at the 12- to 24-h time points do not re-
flect different incorporation rates during that time period
of the experiment because 3H incorporation at each of
the 3-h labeling windows was the same for both culture
configurations. However, there was a gradual decrease in
net incorporation from the first labeling window (0-3 h)
to the final labeling window (24--27 h) in both culture
configurations, most likely reflecting decreases in medi-
um components, for example, glucose, necessary for gly-
cosaminoglycan synthesis.

Quantitation of glycosaminoglycans

Portions of the purified glycosaminoglycans from each
compartment (epithelium, matrix + medium) of each cul-
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Fig. 4 Hyaluronan in REK cultures lacking a basal lamina
(BL-:; A) and with a basal lamina (BL+; B). In cultures lacking a
basal lamina hyaluronan diffused into the collagen matrix immedi-
ately subjacent to the epithelium (bracker) while no hyaluronan
was observed in this location in the BL+ cultures. Panel C demon-
strates the presence of the hyaluronan-binding molecule CD44 in
the same regions in which hyaluronan is present in both culture
configurations. Arrowheads mark the junction of the epithelium
with the support matrix. Bars 14 ym in A,B: 20 um in C

ture configuration (BL-, BL+) were digested with a
combination of chondroitinase ABC and Streptococcal
hyaluronidase. Each digest was eluted on a Superdex
Peptide gel filtration column, an example of which is
shown in Fig. 6. The three classes of glycosaminogly-
cans resolve as indicated, with intact heparan sulfate

BG activity(DPM/ culture » 10-3)

ctivity (DPM/ culture x 10-2)

3H-a

]

T T T T

0 5 10 15 20 25
Labeling time (h)

Fig. 5 Incorporation of radioactive 35SO; (upper graph) and
3H ([PH]glucosamine as precursor; lower graph) as precursors into
glycosaminoglycans synthesized in organotypic cultures of epider-
mal keratinocytes on collagen gels with (BL+ = squares) ot with-
out (BL~ = circles) an intervening basal lamina. The curves show
logarithmic fitting of the data points (dotted line = BL+; solid
line = BL~) for the 3- to 24-h labeling periods. Horizontal bars in-
dicate values obtained from separate 3-h labeling windows 0-3.
[2-15, and 24-27 h after starting the continuous labeling

chains eluting in the void volume and the disaccharides
derived from chondroitin sulfate eluting as two separate
peaks immediately before the disaccharides derived from
hyaluronan. The hyaluronan disaccharide peaks repre-
sented a high proportion of the total 3H activity
(55-70%) indicating that hyaluronan is the predominant
glycosaminoglycan synthesized by the REKSs.

The ratio of 3H to the mass of monosulfated disaccha-
ride (derived from 35S activity) is a measure of the spe-
cific activity of the galactosamine incorporated into
chondroitin sulfate during the labeling period as de-
scribed in Materials and Methods (Yanagishita et al.
1989). Values for this ratio are shown in Fig. 7 for the la-
beling experiment. For both culture configurations the
values gradually increase approximately twofold during
the 24 h of the experiment reflecting the slower equili-
bration of [3H]glucosamine than of [33S]sulfate between
the medium and intracellular pools. Importantly, howev-
er, there is no significant difference in this parameter be-
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Fig. 6 An example of a chromatographic analysis of glycosami-
nogtycans synthesized by keratinocytes in an organotypic culture.
Purified 5S- and 3H-fabeled glycosaminoglycuns were digested
with chondroitinase ABC and Streptococcal hyaluronidase and
separated on a Superdex Peptide gel filtration column. Undigested
material, mainly heparan sulfate (HS), appears in the void volume
and disaccharides elute in the order of decreasing sulfation, as in-
dicated in the figure. The 33§ radioactivity in the monosultated
chondroitin sulfate disaccharides (ADi4S and ADi6S, fractions
59-61, see inser) were used to calculate the specific activity of the
incorporated 3H and the chemical quantity of hyaluronan in the
non-sulfated disaccharide peak (ADIHA)
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Fig. 7 Specific activity of N-acetylgalactosamine incorporated in-
to chondroitin sulfate in organotypic cultures of epidermal kerati-
nocytes. The values were obtained from the epithelium of cultures
labeled for 3-24 h, each chromatographed as demonstrated in
Fig. 6. The curves represent logarithmic fitting of the data points
(excluding the value in parenthesis). For symbols and labels, see
Fig. 5
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Fig. 8 Newly synthesized hyaluronan (total; A), and amounts in
the epithelium (B) and the subjacent matrix plus medium compart-
ments of organotypic keratinocyte cultures (C). The curves show
the data points fitted to logarithmic equations. For symbols and la-

‘bels, see Fig. 5

tween the two culture configurations (BL-, BL+). This
means that differences in the distribution of 3H-labeled
hyaluronan in the two different culture configurations re-
flect real differences in the amounts of the 3H-labeled
hyaluronan and are not due to differences in specific ac-
tivities of the precursor pools.

Compartmentalization of hyaluronan

Figure 8A shows that the total 3H activity, hence the total
mass, of hyaluronan that accumulates over 24 h is ap-
proximately 35% greater in REK cultures without a basal
lamina (BL~) than in cultures with a basal lamina (BL+).
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Fig. 9 Newly synthesized heparan sultate (upper panel) and chon-
droitin sulfate (lower panel) in the epithelium of organotypic kera-
tinocyte cultures. The values were based on separation of the gly-
cosaminoglycans as shown in Fig. 6, and the specific activities of
incorporated YH in Fig. 7. For symbols and labels, see Fig. 3

Inspection of the earliest time points (up to 6 h: Fig. 8A)
as well as the data in Fig. 5 indicate that there is no sig-
nificant difference between the rates of hyaluronan syn-
thesis between the two culture configurations. Therefore
the results in Fig. 8A indicate that cultures with a basal
lamina are catabolizing significantly more of the hyal-
uronan that was synthesized during the labeling period.
Importantly, the amount of hyaluronan that is retained in
the epithelial compartment of cultures with a basal lami-
na at 24 h is much higher (Fig. 8B). In this case approxi-
mately. 75% of the total labeled hyaluronan is in the epi-
thelial compartment. Conversely, only approximately
20% of the total hyaluronan is retained in this compart-
ment in the cultures lacking a basal lamina: most has dif-
fused into the underlying collagen matrix and medium
compartments (Fig. 8C).

Heparan sulfate and chondroitin sulfate
in the epidermal compartment

In contrast to hyaluronan, there were no differences in
the accumulation of labeled heparan sultfate and chon-

Hyaluronan (DPM/iraction N 10°3)

T
15 20 25 30 35 40 45

A Fraction No. A
Vo Ve

Fig. 10 Size distribution of hyaluronan in the matrix plus medium
compartments ot epidermal keratinocyte organotypic cultures.
Proportional aliquots of extracts of the collagen gel and medium
were combined and injected onto a 1x30-cm Sephacryv! S1000 col-
umn efuted with [50 mM sodium acetate. 0.1% CHAPS, pH 7.0.
Each fraction was analyzed for hyaluronan, based on its suscepti-
bility to Streptomyces hyaluronidase. Arrowy indicate the void
(V,) and total volume (V) of the column. For symbols and labels.
see Fig. 5 '

droitin sulfate within the eptdermal compartment of the
two culture configurations (Fig. 9). In each culture con-
dition, the accumulation continued, but with a gradually
decreasing rate. The curves suggest that some of these
glycosaminoglycans are also being catabolized. but addi-
tional experiments would be required to confirm this and
to define approximate half-lives. The results also indi-
cate that the keratinocytes synthesize approximately ten-
fold more heparan sulfate than chondroitin sulfate.

Barrier function of the basal lamina

Portions of extracts of the collagen matrix compartment
were combined with equivalent portions of medium for
cultures from the 24-h time points. Aliquots were then
eluted from a Sephacryl S1000 column and fractions an-
alyzed for content of hyaluronan. Figure 10 shows a ma-
jor peak eluting near the void volume of the column for
the sample from the cultures without a basal lamina
(BL-). indicating the presence of high molecular weight
hyaluronan. In contrast, very little high molecular weight
hyaluronan was observed in the sample trom the cultures
with a basal lamina (BL+) although high molecular
weight hyaluronan was present in the epithelium (data
not shown). This demonstrates that the basal lamina de-
posited by the MDCK cells formed an effective barrier
to high molecular weight hyaluronan.

Discussion

Growing epidermal keratinocytes on a support matrix at
the interface between the gaseous and liquid phases of a




culture greatly facilitates reformation of a tissue that
closely resembles an epidermis. There are many varia-
tions used in such “organotypic™ cultures with respect to
the supporting matrices employed and the inclusion of
viable connective tissue cells (see Schoop et al. 1999 for
“an excellent current review of such culture methodolo-
gies). The inclusion of viable connective tissue cells in
the support matrix generally seems necessary for the re-
liable formation of a basal lamina by the cultured kerati-
nocytes (Fleischmajer et al. 1998; Shoop et al. 1999).
However, because tibroblasts or tibroblast-like cells in-
cluded in the matrix synthesize and catabolize hyaluro-
nan, use of a support matrix with included fibroblasts to
tacilitate reformation of an epithelial basal lamina would
have confounded our objective of studying hyaluronan
metabolism within the epidermal compartment.

Since cultures lacking a basal lamina permitted diffu-
sion of newly synthesized hyaluronan away from the re-
constituted epidermis, and inclusion of supporting cells
in the collagen matrix necessary for basal lamina forma-
tion would have partially masked hyaluronan synthesis
by the keratinocytes, we employed the concept of cultur-
ing keratinocytes on a preformed basal lamina, a strategy
previously employed by one of us (D.K.M.) in culturing
oral keratinocytes (Lillie et al. 1988). In those previous
studies. a basement membrane deposited on a supporting
matrix of collagen fibrils by bovine corneal endothelial
cells was employed (the in vitro equivalent of Des-
cemet’s membrane). However, the membrane deposited
by the bovine corneal endothelial cells exhibited numer-
ous pores caused by corneal endothelial processes that
remained in place as the membrane was deposited. Since
the porous nature of the bovine corneal endothelial-
deposited membrane ruled out its use, we modified the
experiments of Valentich (1982), who found that a basal
famina was deposited by MDCK cells when they were
cultured on a supporting matrix of collagen fibrils.
MDCK cells were subsequently shown to synthesize
normal components of an epithelial basal lamina: type
[V collagen, laminin. and heparan sulfate proteoglycan
(perlecan) (Taub 1991; Patrone et al. 1992).

[n our experiments, detergent lysis of the MDCK cells
followed by scanning electron microscopic examination
showed an essentially intact basal laminar surface inter-
rupted by an occasional pore, a result of MDCK cell pro-
cesses extending through the membrane as previously re-
ported by Valentich (1982). These pores were occupied
by cell processes of the cultured keratinocytes (not
shown) in a manner identical to that described for cul-
tured oral keratinocytes (Lillie et al. 1988) thus making
the basal lamina an effective barrier to the diffusion of
macromolecular hyaluronan out of the epithelium.

Culture of the REKs on a basal lamina-covered colla-
gen fibrilar matrix markedly altered the manner in
which hyaluronan was treated by the keratinocytes when
compared to those cultured on a collagen support matrix
without a basal lamina. [n cultures lacking a basal lami-
na, abundant, large hyaluronan molecules were found in
the supporting collagenous matrix and underlying medi-
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um. In contrast. hyaluronan recovered trom the basal
lamina-covered matrix and underlying medium was re-
duced in amount and of smaller molecular mass suggest-
ing that macromolecular hyaluronan was retained within
the epithelium. Key observations from these experiments
were that: (1) the total *H-labeled hyaluronan accumulat-
ed in cultures without a basal lamina was greater than in
cultures with a basal lamina and (2) conversely, the total
amount retained in the epithelium was greater in cultures
with a basal [amina. The first of these observations indi-
cates that at least 35% of the hyaluronan synthesized
during the labeling period, the difference between the
two culture contigurations at the end of the labeling peri-
od, was catabolized within the epithelium in cultures
with a basal lamina. The-actual amount is likely to be
more because cultures without a basal lamina also catab-
olize some hyaluronan even though most diffuses out of
the epithetium. We expect, then, that the half-lite of a
newly synthesized hyaluronan molecule in cultures with
a basal famina will be close to that observed for explants
of human skin, approximately | day (Tammi et al. 1991).
The second observation indicates that the retention of
hyaluronan within the epithelial layer when a basal tami-
na is present increases the steady state concentration of
hyaluronan around the cells in the basal and spinous cell
fayers. Besides demonstrating the effectiveness of the
basal lamina in preventing the movement of macromole-.
cules out of the epidermal compartment. experiments
with the two ditterent support matrices emphasize that
not al! hyaluronan synthesized by the keratinocytes is
tethered to the cell surface and that some is free to move
within the intercetiular space. While the present experi-
ment was not designed to study hyaluronan internaliza-
tion, the results obtained emphasize the importance of
high concentrations of hyaluronan proximate to the kera-
tinocyte cell surtace for efficient catabolism.. _

Our previous work with these REKs indicated that
hyaluronan was tethered to the cell surface either by the
enzymes responsible for its synthesis, hyaluronan synth-
ases, or by the hyaluronan receptor CD44 (Tammi et al.
1998). Although the catabolic processes responsible tor
hyaluronan breakdown are not fully understood. there is
evidence that the hyaluronan receptor is important in-the
binding and subsequent internalization of hyaluronan
(Hua et al. 1993: Kaya et al. 1997).

Hyaluronan was the major glycosaminoglycan syn-
thesized by the cultured REKs followed by heparan sul-
fate and chondroitin sulfate. The relative proportions of
these glycosaminoglycans formed by the cultured kerati-
nocytes are very similar to that formed by the epidermis
in organ cultures of porcine (King 1981) and human skin
(Tammi and Tammi 1986). This finding indicates the
REKs may be an excellent model in which to study over-
all glycosaminoglycan/proteoglycan metabolism in the
epidermis.

Although the functional roles of hyaluronan are not
completely understood, it is now evident that it is not
simply a large. passive. space-filling connective tissue
molecule. Hyaluronan has been shown to be an impor-
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tant cell surtace component which. through interactions
with other molecules, plays significant roles in morpho-
genesis, wound healing. immune function, and malignant
behavior (Sherman et al. 1994: Entwistle et al. 1996:
Knudson 1998: Zeng et al. 1998). The homeostatic roles
of hyaluronan in epithelia are not understood. Certain
secretory epithelia add hyaluronan to their secretions
(Mani et al. 1992; see Tammi et al. 1994b; Yung et al.
1996; Usui et al. 1999). But such secretory epithelia to-
gether with most simple epithelia lack demonstrable in-
tercellular hyaluronan. That tinding contrasts with the
universal presence of intercellular hyaluronan within the
basal cell layer and proximate suprabasal layers of all
stratified epithelia studied thus far (Tammi et al. 1988,
1990; Laurent et al. 19935; Wang et al. 1996; Hirvikoski
et al. 1999). It is possible that the large hydrated domain
produced by intercellular hyaluronan in these stratified
epithelia tacilitates diffusion of metabolites in and out of

these avascular tissues as well as providing a hydrated

pathway for cells of the immune system that traffic
through these tissues. A further role for hyaluronan with-
in these stratified epithelia may be one of regulating cell
division. Transgenic mice expressing an antisense CD44
hyaluronan receptor also lacked demonstrable intercellu-
lar epidermal hyaluronan. These same mice did not ex-
hibit a normal proliferative response following wounding
or challenge with phorbol ester; observations which
seem to implicate that hyaluronan is necessary for a nor-
mal proliferative response (Kaya et al. 1997). Hyaluro-
nan may also, in some way, play a role in regulating the
differentiation of keratinocytes as they move toward the
surface of the tissue. This idea comes from the observa-
tion that dysplastic stratified epithelia that contain in-
creased layers of immature basal-like and suprabasal
cells exhibit intercellular hyaluronan throughout a much
greater depth of the tissue than that seen in normal strati-
fied squamous epithelium (Wang et al. 1996; Hirvikoski
et al. 1999). Some experiments also indicate hyaluronan
or its CD44 receptor may play a role in keratinocyte cell
to cell adhesion but the mechanisms are not understood
(Milstone et al. 1994; Hudson et al. 1993).

REKSs cultured on collagen or basal lamina-covered
collagen matrices grow, stratify, and differentiate in a
manner similar to the native epidermal tissue. The distri-
bution of hyaluronan and the hyaluronan receptor CD44
within the “epidermis” formed by the cultured keratino-
cytes is similar to that in native epidermis as is the ex-
ceptionally active synthesis and catabolism of hyaluro-
nan by the keratinocytes. The addition of the basal lami-
na to the collagen matrix permits the formation of a true
epidermal compartment bounded by the cornified layer
on the surface and the basal lamina subjacent to the basal
cells. The basal lamina forms a true barrier to the diffu-
sion of macromolecular hyaluronan away from the kera-
tinocytes and results in increased catabolism of the mol-
ecule within the epithelium. Surprisingly, this study ap-
pears to be the first to demonstrate that a basal lamina
acts as a barrier to a naturally occurring tissue macro-
molecule either in vivo or in vitro, based on a review of

the literature concerned with the barrier functions of the
basement membranes (Farghuar 1991: Williams 1994).
REKSs cultured on a basal lamina-covered collagen gel
provide a good model within which to study epidermal
metabolism isolated from the influence of dermal cells or
other supporting cells included in a collagen matrix.
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Cell Attachment on Surface-Treated Hylan Gels
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Crosslinked hyaluronans (hylans) are attractive materials for biomedical applications owing to
their high biocompatability. Our objectives are to investigate the conditions necessary for cell
attachment, proliferation, and matrix synthesis on solid and particulate hylan gel formulations,
obtained from Biomatrix, Inc. Samples were equilibrated overnight with serum-free culture
medium and surface-coated with collagen I or collagen IV, fibronectin, fibrinogen, reconstituted
extracellular matrix gel or laminin from suspensions containing between 10 and 100 ug of protein
/100 pl. Neonatal rat aortic smooth muscle cells were seeded on the gel surface and cultured for up
to 21 days. Cells on particulate gels appeared either rounded or irregularly shaped (ECM,
fibronectin and laminin), and rounded or highly spread (collagen I, IV). Gel surfaces were
confluent in some regions. Cells did not attach to hylans treated with fibrinogen, nor to untreated
controls. Cells attached on solid gels were mostly rounded although spread cells were also
observed on gels treated with collagen type I or ECM gel. Cell attachment, as quantified with the
MTT assay, depended on bulk protein concentration and the type of adhesion protein. ‘At two
weeks, cell attachment on particulate gels coated with Collagen type I, ECM, laminin, and
fibronectin was enhanced by 4.8, 3.3, 4.3, and 3.6 times respectively over attachment at one week
[n=3]. On solid gels, cell counts were similar at one and two weeks for all pretreatments except
with ECM where cell attachment was enhanced to 1.7 times. The results obtained are useful
towards the development of bioengineered materials based on cell-hylan composites.
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Because of their high biocompatability, crosslinked hyaluronans (hylans) are materials attractive
for biomedical applications. We investigated the conditions necessary for cell attachment,
proliferation, and extracellular matrix synthesis, on solid and particulate hylan gel formulations,
obtained from Biomatrix, Inc. Samples were equilibrated overnight with serum-free culture
medium and surface-coated with collagen types I or IV, fibronectin, fibrinogen, reconstituted ECM
gel, or laminin from suspensions containing between 10 and 1000 pg/ml of protein. Neonatal rat
aortic smooth muscle cells were seeded on the gel surface and cultured for up to 21 days. At ten
days, cells on particulate gels appeared irregularly shaped (ECM), needle-like (fibronectin), or were
highly spread (collagen I, IV). Cells did not attach to hylans treated with fibrinogen, nor to
untreated controls. Cells attached on solid gels were rounded, regardless of pretreatment. Cell
attachment, as quantified with the MTT assay, depended on bulk protein concentration and not on
the protein type. Cell attachment on solid gels was enhanced by 46% (fibronectin), depleted by
33% (collagen I and IV), or remained unchanged (ECM) for a threefold increase in coating
concentration (30 to 100 pg/ml) [#n=6]. The results obtained are useful towards the development of
bioengineered materials based on cell-hylan composites.
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Dear Ms. Eieller:

We want to thank Dr Calvin B. Carpenter for the May 25th site visit he conducted of our

facilities and for the recommendations he gave us in your letter of June 12/00. There ars .

some clarifications we would like to make regarding his comments and

recommendations.

Finding A): “Animals are housed on coated wire mesh floors which have a gap on the
side that is large enough for the animal’s foot and leg to become entrapped. Additionally,
the runs do not have a solid resting surface.” -

Reply: Years ago we installed plastisol covered floors to prevent the animals from resting
directly on cement. The thickness of the plastisol covered surface goes from 1" to 2” and
there are no wires or cutting edges. In some pens therc is a gap on the side but this gap is
over 4" and so it provides enough space for the paw and lower leg to go in and out
without getting entrapped. In more than 10 years that we have had these floors, there was
never a dog that got its paw caught in that gap. As to the solid surface resting area we had
all the dog pens equipped with resting boards in the past. We opted to climinate them
hecause contrary to what it may be perceived, the kind of dogs we work with rarely used
them and most of the time dsfecated and urinated on them, the dogs chose instead to rast
directly on the cement. After many site visits by the USDA and AAATLAC-
INTERNATIONAL, we never had any problem with our floors. It should be pointed out
the Animal Welfare Act mandates solid resting boards only for cats. They are
recommended for dogs but only when the ambieat temperature is below 50.0F. Qur dogs

are housed in temperature controlled cooms.

9500 Fuclid Avenue, Clevetuad, Ohio +11935




Finding B): “Although there is evidence that the animals are provided with the
opportunity for exercise, the facility does not have a written exercise plan for dogs.”
Reply: During the site visit we discussed the issue of socialization to which I commentsd
to Dr. Carpenter that while we socialize the dogs we do not keep records of it. It was not
clear to me Dr. Carpenter was referring to exercise. Yes we do have a written plan for
exercise. This plan has been in place for years and was discussed in several IACUC
meetings. Its description is found in pages 51 and 52 of the manual entitled “Information
on the Care and Use of Rescarch Animals at the Cleveland Clinic Foundation™ This
manual is disttibuted to all the investigators of the Institution. Copy of the exercise plan

is attached.

Finding C): “Animals are currently being procured from a Class B Dealer ....recommend
that the institution inspect the vendor’s premises for compliance”. ‘

Reply: Prior to our dealing with any dog supplier, we contact the USDA to verify that the
person indeed has the proper license and is in good standing. In addition, we require the
dog dealer to provide us with copy of recent unannounced USDA inspections. In effect

then we rely on the USDA to make sure the Dealer is complying with federal reguladons.
Were we to make a site visit, it would have to be announced and so we may have less

opportunity than a USDA inspector to verify compliance. Still, we will be happy to send a
member of our Animal Care Group to visit the Dealer’s premises.

Finding D: “ Corridors used for he passage of personnel or equipment are also used for
the storage of equipment”.

Reply: Dr. Carpenter is right about this. This problem originated when a new building we
were to have was put on hold. The instimution is now working diligently to solve this
probleni. To this end, the services of a well known consultant, Dr. Rozmiarek has been

retained to develop plans for a state of the art Animal Facilities. It is anticipated. that this
new building will provide 60,000 sq.ft. of space and will be completed in 18 months.

Please let us know if you have any further questions or concerns.
Sincerely,

Daniel R. Beyer
Administrator, Research Institure

cc Hector Munoz-Ramirez DVM, Ph.D.
Vincent Hascall, PhD




It is evident chat implementation of the surcharge will result in better communication betwee
.investigators and Biclogical Resources Unit personnel. The goal is to use animals and space in the
-most efficient manner. Monitoring the nesd to keep animals at different stages in the breeding
programs will be done according to what was specified in the protocols approved by the Animal

Research Committes,

Guidelines for Exercise and Housing of Dogs

Oa February 15, 1991 the final regulations (5 CFR Part 3) refated to amendments of the Animal
Welfare Act (enacted December 23, 1985) were published in the Federal Register. These regulatons
are enforced by the Animal and Plant Health Inspection Service (APHIS) of the USDA., In part, these
final regulations stipulate new guidelines for housing and exercise of dogs, cats, and noahuman
pamates. The final rule became effeciive March 18, 1991 and institutions such as The Cleveland
Clinic Foundarion had until August 14, 1991 to implemenc plans for the exercise of dogs. Based upon
the published guidelines the Animal Research Committes and the Veterinatian of the Biological
Resources Unit offer the following guidelines for exercise and housing of dogs. In particular, these

scommendations apoly to/dogs involved in long-term studies.

A. Guidelines far Exercise

L. Under our present housing conditions, all dogs grzater than 34" long (from tip of the ncss w©
base of the tail) will be exarcised.

Dogs less than 30" long (from tip of the nose to base of the tail) will have the required space
for exsrcise when housed in our standard size pen (18 sq.ft.).

Dogs from 30” to 34" long (from tip of the nose to base of the tail) will have the required
space for exsrcise when housed in Ecker-Shane in the pens equipped with the efevated

platform.

o)

4.  Daogs will be released for a period of 10 minutes per day during the weekdays.

The exercise periods will be spread throughout the day.

(V43

On the 6th floor, dogs can be released from their pens (18 sq.ft.) to move about. The space in
the aisle around the pens is at least 84 sq.ft. This space plus the pen spacs (total 102 sq.t.)
gives more than 100% of the space raquired by law to exsrcise the size of dog we house in

this institution.

o)

7. In Ecker-Shane, dogs will be released from their pens (18 sq.ft.) to mave zbout in the aisle
(141.8 sq.ft.). This space plus the pen space (159.8 sq.ft.) gives mare than 100% of the space

required by law to exercise dogs. .




s. Recommendation of investigators will be taken into account in providing exercise

opportunities for their animals.

B. Restrictions on Exercise

L Dogs that undergo surgical procedures will be allowed to recover (i.e., left in their primary
enclosure) for at least 3 days. Thereafter, the animals will be evaluated perodicaily to ses

whether they can be released for exercise.

B

Dogs with arterial or venous catheter, flow probes, or tnfusion pumps, will not be allowed out
of their primary enclosures, except as specified by the pratocol. A notation to this effact must

he made in the chart.

Dogs used in fluid balance swudies and/or urine collections will not be released for axercise
during the time needed to conduct those studies. A notation to this effect must be made in the

chart,

W

Dogs impaired with alcohol or experimental drugs will not be released for exercise. A notation
to this effect must be made in the chart.

N

Hazardous Agents in the Biological Resources Unit

The only hazardous agents currently permitted are radioisotopes, and any use of these must be
approved by the Radiation Safety Office. New investigators planning to use isotopes must obtain
authorization from the Radiation Safery Office. " In order for ammals, which have recesived a
radioisotope to be housed in the Biological Resources Unit, approval must be obtained fom the
Radioisotope Committee, the Radiation Safety Officer, and the Animal Research Committee, <

Each autherized user of radioisotopes is responsible for recording radioactive waste disposal of an
animal and its excreta. Each authorized user is responsible for wipe tests of animal cages and animal
areas. These surveys will be supplemented by surveys performed by the Radiation Safety Office.

The following are the regulations issued by the Radiation Safety Office for radioactive waste disposal
by incineration.

L. At this time, radioactive waste for incineration must be incinerated in the incinerator located on
FF6 of the Research Building, not in the West Clinic incinerator.

Any radioactive waste for incineration must be delivered to the sixth floor in 2 plastic bag that
has been secured with a “Caution Radioactive Material” tag that has been properly lled qut.
Call the Manager of the Biological Resources Unit to arrange for incineration (45860).

(8]
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Symbol

€p, or €pP

€q,0r €Q

¢p, or ¢P

(bq, or ¢Q

Er

€0

List of Abbreviations

Definition

Engineering strain, defined as change in length (8) divided by
original length (L). Here, it is defined as change in air gap divided
by the gage length of extensometer.

Maximum principal strain magnitude. Oriented along the
maximum principal strain axis. Calculated via strain
transformation relationships (Mohr’s circle for strain).

Minimum principal strain magnitude. Oriented along the minimum

principal strain axis. Calculated via strain transformation
relationships (Mohr’s circle for strain).

Angle measured from reference grid (grid 1) on strain gage or
=] o [t~
sensor pair 1 on extensometer to principal maximum strain axis.

= -0 . Also called “principal maximum strain angle”.

=

Angle measured from reference grid (grid 1) on strain gage or
sensor pair 1 on extensometer to principal minimum strain axis
¢ = -0 . Also called “principal minimum strain angle”.

Angle measured from principal axis to reference grid.

Also used in development of strain calculations for capacitive
extensometers, defined as the angle the pin makes with the x-axis.

shear strain (Ymax = €p — &q)

capacitance (Farads, F)

displacement of the plates of capacitor

area of capacitor

relative dielectric constant of insulator (=1.0 for air)

dielectric constant of free space (8.85 x 10E-4 F/cm)




Symbol

GL

SB

Yao Yai
¥8o, ¥YBi

¥s0s ¥si

Et, Ec

List of Abbreviations, continued

Definition

location of inboard sensor plane, as measured from the surface of
the specimen, or measurement plane of interest, to the centerline of
the sensors

location of outboard sensor plane, as measured from the surface of
the specimen, or measurement plane of interest, to the centerline of
the sensors

location of the surface plane, or measurement plane of interest,
lying transverse to the long axis of intracortical pins

gage length of the extensometer
distance measured between capacitive sensor centerlines

distance measured from outboard capacitive sensor centerline to
the measurement plane of interest, e.g., the surface of the specimen

original length of the deformed specimen, used in definition of
engineering strain

amount of linear deformation in a specimen, used in definition of
engineering strain

elevation of pin at location A, from the x-axis, at time=0, or time=i
elevation of pin at location B, from the x-axis, at time=0, or time=i
elevation of pin at location S, at time=0, or time=i

maximum (tensile) and minimum (compressive) principal strains,
respectively; same as €p and gq




Design and Test of an Extensometer for Global Measurement of Bone Strain
Suitable for Use In Vivo in Humans

Abstract

by

GAIL PATRICIA PERUSEK

The purpose was to design, validate, and test a novel extensometer concept for measuring
in vivo bone strains at physiological magnitudes and rates. Two extensometers are
described (an axial, and a multi-axial, or “delta” design) which use coupled non-contact
capacitive linear displacement sensors mounted to intraosseus pins. Both extensometers
are able to discern axial from bending strains, and the delta extensometer has the added
capability of measuring principal strains and their direction, and maximum shear strain. -
The extensometers were validated in four-point bending with sinusoidal and square wave
loading inputs up to 20 Hz and 90,000 pe/sec. Strain magnitudes reached 5,000 pe. Pilot
data from an in vivo study in a human calcaneus are presented, and principal strains are
shown for a human subject during walking for the first time. Other potengial applications
inclﬁde strain measurement in porous materials, materials that have rough surfaces, or in

destructive or explosive testing.




CHAPTER 1

INTRODUCTION

1.1 Statement of the Problem

Astronauts in space and bed-rest patients on Earth share the problem of loss of bone and
muscle mass due to a reduced demand on their musculoskeletal system to perform daily
activities. Bone loss as a result of unloadipg the skeletal system, or disuse osteoporosis,
can increase the risk of fracture and possibly lead to other physiological problems, such
as develop-)ing kidney stones (Rambaut, et. al., 1975). NASA has a special interest in
developing ways to understand these physiological effects of spaceflight gnd iﬁ devising
countermeasures to ameliorate these changes. One of the most promising
countermeasures to spaceflight-induced bone loss is exercise, but no exercise regime has
yet been fully successful. Understanding how bone adapts to its functional environment is
essential for the development of effective exercise-based countermeasures. Further, bone
loss associated with the aging process parallels that experienced by astronauts, and a
thorough understanding of the mechanisms which may help to diminish bone loss has

broader implications for the general population.

1.2 Evaluating Bone Strain In Vivo -

Researchers have focused on the measurement of strain in bone to more fully understand
the adaptation of bone to its functional environment. To obtain strain measurements in
physiological environments, or in vivo, bonded metal foil strain gages have been the

standard measurement method. Bonded metal foil strain gages are commonly used for




measuring strain in engineering materials, and many different materials have been gaged,
including wood, cement, glass, plastics, rubber, ceramics, stone, aggregates, and bone.
Bonded gages are also commonly bonded to spring-members in sensor applications for
measurement of mechanical parameters such as pressure, load, and deflection. Various
gage lengths and configurations are available for different applications. As its name
implies, the bonded strain gage must be in intimate contact with the substrate, or spring

member, to which it is bonded. In fact, the most critical component of the strain gage and

* spring member system is the medium that shear-couples these two elements (Pierson,

1999), or bonding adhesive. The bonding adhesive must be chemically compatible with
the substrate to which the strain gage is bonded. Also critical to the success of the strain

gage application is proper surface preparation so that a good bond may be achieved.

1.3 Bonded Strain Gage Limitations

Although bonded strain gages have been used in vivo in humans, (e.g., Lanyon, et. al.,
1975, Burr, et. al., 1996), and is considered the gold standard for strain measurements in
bone, the bonded gage method has certain limitations for use in humans, which has
motivated the development of new methods. These limitations include 1.) compatibility of
bonding agents with the biological environment, i1.) reliability, iii.) surface‘preparation

and quality and, 1v.) level of invasiveness.



1.3.1 Compatibility of Bonding Agents with Biological Environments

Alternative bonding agents fop use with bonded strain gages have been sought (e.g.,
Szivek, et. al., 1997; Hoshaw, et. al., 1997) to overcome the problems associated with
cyanoacrylate-based adhesives in vivo. Cyanoacrylate, the standard bonding agent for
strain gages, is not approved by the FDA and is a potential carcinogen. The bone-gage
bond also deteriorates with time and is at its best as soon as the adhesive has
polymerized, limiting the length of time that reliable measurements may be made.
Szivek, et. al. (1997) used calcium phosphate ceramic coated strain gages to allow
consistent longer-term in vivo strain measurements to be made with characterizable
accuracy. Hoshaw et. al. (1998) developed a strain gage bonding technique as an
alternative to cyanoacrylate-based adhesives using polymethyl methacrylate (PMMA), an
FDA approved substance, for use in humans and animals for up to several days following
gage application. The existence of such techniques highlights the necessity for

alternatives to existing standard strain gage methods for in vivo use.

1.3.2 Reliability

The second limitation of bonded strain gages on bone in vivo is reliability. Proper surface
preparation is essential for obtaining reliable measurements, but often difficult to achieve
in vivo. Examples are common where bonded gages fail and test data cannot be used, for
example, Burr, et. al., (1996) where one of the two subjects’ gages became unaffixed, or
Biewener, et. al. (1996) where 3 out of 6 animals strain gaged were eliminated from the
study for the same reason. To improve measurement reliabili'ty, bonded strain gages

attached to surgical staples have been used both in humans (Rolf, et. al., 1997), and



animals (Buttermann, et. al., 1994), where the strain in the specimen to which the
surgical staple is attached tends to deform the staple, producing a change in resistance in
the strain gage bonded to it. A measure of axial deflection can be obtained in a gaged
surgical staple system that has been calibrated. Strain measurements have also been made
in vivo using bonded gages adapted to intracortical pins that protrude from the skin.
Milgrom, et. al. (1997) used two threaded K-wires (“Kirschner wires”, or K-wires are
normally used by the orthopedic surgeon for fixation of bone fractures) inserted in the
antero-medial tibial midshaft, drill and wire placement guides, and a custom
displacemeht transducer attached between the two K-wires. The transducer consisted of a
phosphor bronze beam with two pairs of uniaxial metal foil strain gages. This technique
is attractive because the sensor is not exposed to the biological environment, and the bone

surface does not require special preparation.

1.3.3 Invasiveness

Prope; surface preparation leads to a further limitation to bonded strain gages when used
in vivo, which is the associated surgical trauma, or invasiveness. Bonded strain gages
require that the bony surface to which the gage is mounted have the periosteum (a thin
layer of connective tissue covering the bone) removed where the gage is to be bonded,
and the bone be sanded, dégreased, dried, and cleaned. Also, bonded strain gages require
that the surface be relatively smooth. Where the measurement surface is rough or porous,
the surface must be sanded or filled to allow for a proper bond. The procedure involves
disruption of the tissue surrounding the bonding site, as well as disruption to the bone

surface, as mentioned. Additionally, depending on the type of filler used and the
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associated stiffness, a “reinforcing effect” might occur where the relatively soft substrate
ts restricted from movement, which can negatively affect the accuracy of strain

measurements.

T 1.4 A Novel Approach to Bone Strain Measurement
In the interest of mitigating these limiting factors in strain measurement in vivo, a novel

device will be described. The device is classified as an extensometer, which has the

inherent advantages of not requiring special surface preparation or requiring that the
sensing elements be exposed to the biological environment. Both the extensometer design
described here and staple-type gages eliminate the need for degfeasing agents, vchemical
bonding agents, or surface preparation such as drying, sanding, and filling associated
with resistance-type bonded strain gages; an advantage for in vivo applications. Although,
as with staple-type gages, the intraosseus pins (K-wires) used by this extensometer design
are implanted into the bone, no incisions or suturing are necessary, and invasiveness is
minimal. Thus the limitations of compatibility of bonding agents, reliability, surface
preparation, and invasiveness associated with bonded strain gages are alleviated. A
further advantage offered by the extensometer that will be described here is the ability to
distinguish axial strains from strains due to inhomogeneous deformations (e.g., bending),
and provide information on the magnitude and sense of the bend (tensile or compressive)
without requiring access to the opposing side of the specimen. Bending loads are thought
to better represent normal in vivo loading regimens (e.g., Scott and Winter, 1990; Qin, et.

al. 1998) than purely axial or torsional loads. Calculation of strains due to bending




require that strain gage instrumentation, including staple-type gages, be mounted to

opposing faces of the specimen, which is not always feasible in vivo.

Two extensometer designs are presented: an axial design, capable of discerning axial
from bending strains, and a multi-axial or “delta” design, which has the additional benefit
of providing principal strain magnitudes and their direction, as well as maximum shear

strain in the specimen.

1.5 Purpose

The purpose of this study is to 1.) design, i1.) validate and iii.) test a novel methpd for
measurement of strain in bone in vivo in human subjects, using a capacitive based
extensometer. Design requirements dictate that the extensorﬁeter be able to measure
physiologic levels and rates of strain in bone and therefore be useful up to and beyond
4,000 pe in a given direction (tension or compreséion) at rates up to and exceeding
40,000 pe/sec (e.g., Rubiﬁ and Lanyon, 1985). The calcaneus, or heel bone, was selected
as the site of interest because of its relatively high susceptibility to bone loss from disuse,
such as in long-duration space flight. The unique loading environment in the calcaneus
requires that the extensometer be able to resolve principal strains, as the loading

direction, and hence direction of strain, is not known a priori.




1.6 Specific Aims

¢ Design an extensometer suitable for measuring global bone strain in vivo that is;

1.) able to measure strain due to inhomogeneous deformation (i.e.,

bending),

2.) capable of measuring strains up to and exceeding 4,000 € (in tension

or compression),

3.) capable of measuring dynamic strains up to and exceeding 40,000

ue/sec, and,

4.) able to measure principal strain magnitudes and their direction.

e Test the extensometers in dynamic four-point bending in a test material and compare

the output to a “standard” method of strain measurement.

e Determine system characteristics and limitations;
1.) Quantify the sensitivity of the probes to angle.

2.) Determine rage of frequencies over which device can operate without

introducing artifacts.

e Test the multi-axial extensometer design in vivo in a human subject.



CHAPTER 2

BACKGROUND

2.1 Measurement of Strain

Strain is a dimensionless unit, and engineering strain is defined as a change in length,
delta (8) divided by original length (L) of a specimen. Strain is represented as epsilon (g)
and, 'since it‘ is usually very small, is typicaliy expressed in terms of microstrain

(1x10 %) or ue. The strain relationship used as a basis for the equations developed in

this study (engineering strain) is thus:

Engineering strain can be expressed in terms of a percent. For example, 0.5 % strain is
equivalent to 5,000 pe. Tensile strain is taken as positive and compressive strain as
negative. When strain is measured with a device such as a bonded strain gage or
extensometer, the original length is taken as the gage length of the device. For a bonded,
metal foil strain gage, the gage length is the length of the active gnd (Fig. 2.1a). For an
extensometer, the gage length is the distance between arms, defined as where the contact

points (knife-edges, for example) interface with the specimen (Fig. 2.1b).

Contact extensometers are conventionally used to develop stress-strain relationships and
failure criteria by measuring strain directly in the material under an applied load. These
extensometers typically clamp onto the specimen with knife-edges as contact points and

provide highly accurate strain measurements. Commercially available contact




extensometers cover a broad range of configurations for measuring axial, biaxial,
diametral, and torsional strains, for example. An advantage of using extensometers over
strain gages is that the extensometer need not be exposed to the material test
environment. For example, with high temperature testing, the sensing component of the
extensometer is mounted external to the oven surrounding the test material, and high-
temperature arms protrude from their engagement with the specimen to the extensometer
sensing component through the wall of the oven. This advantage is realized with the
extensometer design described in this study, where the sensing eleménts of the device are

not exposed to the biological environment.

Gage
Length

MODEL

532,130+2)

Figure 2.1. a.) Definition of gage length for a uniaxial strain gage (Adapted from
Measurements Group, Inc. website, measurementsgroup.com (b.) For an extensometer,
gage length is the distance between arms (Adapted from MTS Systems Corporation

website, mts.com).

2.1.1 Strain Averaging and Gage Length
When mounted in a nonuniform strain field, a strain gage will always under-report the

peak strain magnitude (Fig. 2.2). Since the net resistance change of the gage is produced




by the average strain acting over the grid area, in non-uniform strain fields this value will
always be less than the peak strain that exists under the strain gage (Pierson, 1999). When
attempting to measure strain gradients, it is desirable to have a smaller gage length, since

strain gradients tend to be averaged over the gage length of the strain gage (Fig 2.2).

Strain

Axial Distance

Figure 2.2. Gage length is a consideration when dealing with strain gradients. (Adapted

[from Measurements Group, Inc. website, www.measurementsgroup.com.)

Conversely, an application of large strain gages, or gages with large gage lengths, is with
strain measurement on inhomogeneous materials. When measuring strain in concrete, for
example, which is a mixture of aggregate (usually stone) and cement, it is ordinarily
desirable to use a strain gage of sufficient gage length to span several pieces of aggregate
to measure the representative strain in the structure. In other words, it is usually the

average strain that is sought in such instances, not the local fluctuations in strain that




occur at the interfaces between the aggregate particles and the cement. In general, when
measuring strains on structures made of composite materials of any kind, including bone,
the gage length should normally be large with respect to the dimensions of the
inhomogeneities in the material (Measurements Group, Strain Gage Selection

Procedures, Tech Note 505).

2.2 Capacitors

In contrast to resistive-type strain gages, where the resistance of the metal grid changes
when the substrate to which the gage is bonded is deformed, the strain-sensing device
described in this study, classified as an extensometer, employs capacitance as the
measurement principle. Capacitive sensors are used in many different types of sensing
and measurement applications; for example, rotary and linear position encoding, liquid
level sensing, proximity detection, flow and pressure measurement, digital levels and

stud-sensing devices (Baxter, 1997).

In general, the capacitance (C) between two parallel plates of area (A) separated by

distance (x) 1s:

C=c¢ce¢

o-r x
where €, (not to be confused with € denoting strain) is the dielectric constant of free space
(€= 8.85 X10™ Farads / cm) and «, is the relative dielectric constant of the insulator (air)

which is 1 (Webster, ed. 1985).




Displacement can be monitored by changing any one of the parameters: €., A, or x. The
simplest and most commonly used method is to change x, the separation between plates,

which is the method used in this thesis (Fig. 2.3).

Metal Plates
with area (A)

Insulating Dielectric

{constant g)
Terminal Wire

/

— 1 @]

Terminal Wire

Figure 2.3. Elements of a capacitor. (Adapted from Bishop, 1995.)

2.2.1 How a Capacitor Works

If a capacitor is connected across the terminals of a power source (cell), electrons will
flow from the negative terminal of the cell and enter the plate connected to that terminal
(Fig. 2.4). The negative charge on that plate will repel the free electrons that are in the
conductor (e.g., metal) of the opposing plate. These are electrons associated with the
outer orbits of the metal atoms, but which tend to wander around inside the lattice. The

electrons will flow away from the plate, attracted toward the positive terminal of the cell.




The atoms they leave behind are now positively charged. This flow of electrons into one
plate and out of the other will continue until the potential difference between the two

plates is equal to the potential difference of the cell (Bishop, 1995).

Note that, although electrons flow into one plate and out of the other plate, there is no
flow of electrons from one plate to another. Such a flow across the dielectric is not
possible, because the plates do not touch one another and the dielectric is an insulator. If
the terminals of the cell are disconnected from the capacitor, the plates will remain

charged. Capacitors are commonly used in this way to store charge.
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Figure 2.4. Flow of electrons in capacitor that is a.) charging and b.) charged. (Adapted

from Bishop, 1995.)




2.2.2 Capacitive-Based Sensors

In contrast to applying and removing a DC power cell across the plates of a capacitor for
the purpose of storing a charge as described above, capacitive-based sensors require a
dynamic excitation. All capacitive signal conditioning designs contain an internal
oscillator and signal demodulator to provide static capable outputs (Pierson, 1999).
Sensors that are based upon the capacitive sensing technique are strain-based sensors. For
example, pressure sensors and accelerometers, which use capacitors as tbe sensing
method, rely on the deflection or deformation of a spring element within the sensor to
register a change in capacitance. A geometry which uses two parallel plates with air as
the dielectric is useful for measluring motion where either the spacing between plates is
changed, or the common area is changed by transverse motion of one of the plates. The
two plates comprising a capacitance sensor can be termed the “probe” and the “target.”
Typically, the probe is driven with an AC current at a particular frequency and peak-to-
peak voltage. The signal conditioner through which the signal passes has demodulating
circuitry for converting the sensor output to a DC voltage. This voltage isﬂproportional to

the distance between probe and target.

2.2.3 Transverse Sensitivity Considerations

Although changing the distance between plates is the most common way to effect a

change in capacitance, changing the common area of the plates will also effect a change.
This transverse sensitivity occurs when a portion of one plate has no opposing surface, as

when plates slide transversely to one another. To eliminate undesired sensitivity to




motion in unwanted axes (Fig. 2.5), the edges can be overlapped or underlapped such that

only displacement in the desired axis will effect a change in capacitance (Baxter, 1997).

This principle is employed in the capacitive extensometers designed for this study, where
the targets are oversized compared to the probes. Each sensing unit is sensitive only to
the motion of the probe toward and away from the target in a direction normal to the
probe. This is analogous to a bonded strain gage with no transvefse sensitivity, or where -
transverse sensitivity is ignored. In this study, if capacitance were to be affected by
transverse motion, there would be no way to decouple the signal due to transverse motion
from that due to axial motion. Therefore oversizing the target relative to the probe is a
necessary design feature in the extensometer concepts because it is necessary to obtain
the perpendicular distance between plates, an assumption made in the processing of the

data from the extensometer system.

OVERLAP / UNDERLAP  OVERLAP/ OVERLAP

Figure 2.5. Relative sizing of capacitive plates can eliminate sensitivity to motion in

certain axes. (Adapted from Baxter, 1997.)




2.3 Bone Gross Anatomy

The bones in an adult skeleton can be classified into two distinct types of arrangements
according to their porosity. Cortical bone is a relatively dense structure, which forms the
hard, outer shell, and provides strength and resistance to bending (Fig. 2.6). Trabecular
bone (also called cancellous or spongy bone) is present at the ends of long bones, in the
vertebral bones and in the heel bone, or calcaneus. Trabecular bone is relatively porous

| and composed of an interconnected lattice of strut-like structures .called trabeculae. Like
cortical bone, trabecular bone contains networks of bone cells called osteocytes which are
thought to be involved-in the transduction of mechanical signals in the process of
osteogenesis (osteo = bone, genesis = forming). The periosteum is a thin layer of
connective tissue that surrounds the outer surface of all bones, except at articulating
surfaces. The calcaneus is composed primarily of cancellous, or trabecular bone, with a

thin cortical shell.

Trabecular bone

Figure 2.6. The gross structure of a long bone. Cortical vs. trabecular structure.

(Adapted from Abbott Laboratories Online, abbottrenalcare.com).




2.4 The Mechanical Properties of Bone

Both cortical and trabecular bone contribute to the overall properties of whole bone
structures; however, their respective material properties vary greatly due to differences in
density and architecture. Cortical bone has been classified as an anisotropic or
transversely isotropic material. For normal compressive or tensile loading, Young’s
modulus is approximately 17.0 GPa in the longitudinal direction, 11.5 GPa in the
transverse direction, and 3.3 GPa in shear (Reilly and Burstein, 1975). The yield strain

for cortical bone is approximately 7,000 pe (0.7% change in length) with the ultimate

strain up to 15,000 pe (Carter et. al., 1981).

Yield strains for human trabecular bone have rarely been reported. Bovine trabecular
bone from the distal femur has been shown to yield at approximately 0.74% (Turner,
1989). Chang, et. al. (1999), reported yielding in bovine trabecular bone to be isotropic,
1.e., independent of loading direction. They found yield strains to be similar in tension (up -
to 0.85%) and compression (up to 0.97%, or approximately 10,000 ug). Keaveny et. al.
(1999) reported loading trabecular bone from human lumbar vertebrae to failure up to
3.0% (30,000 pe) at 5,000 pe/second. These variations in reported yield strains for
‘trabecular bone are not surprising, considering the variety of morphologies trabecular

bone can assume, not only from species to species but within a single organism (Fig. 2.7).



Figure 2.7. Scanning electron micrographs showing different trabecular bone -
architectures found within the human skeleton. (Adapted from Keaveny and Hayes,

1993.)

2.5 Mechanotransduction in Bone

The ability of bone to regulate its mass and architecture according to perceived structural
demands is a source of continued research interest, and has implications for the study of
osteoporpsis, including that experientced by astronauts in long-duration spaceflights.
Simply stated, decreased activity precipitates a loss of bone mass, and increased activity

stimulates skeletal hypertrophy. The concept that “form follows function” articulated by

Jeffries Wyman (1849), Hermann Meyer (1867) and later in greater detail by Julius Wolff

in his monograph Das Gesetz der Transformation bei Knochen (The Law of Bone
Remodeling, 1892), is the basis for this concept. Wolff theorized that the balance of bone
remodeling can be affected by mechanical function and that bone tissue has the capacity

to adapt to its functional environment such that its form is optimized for the mechanical




demands to which it is subjected. Although numerous investigators have provided
evidence that functional adaptation occurs in the skeleton, little is known about the
cellular mechanisms that perceive and transduce mechanical stimuli into the biochemical

events eliciting adaptive change at the level of the bone cell (Gross and Bain, 1993).

2.5.1 Mechanical Parameters Associated with Osteogenesis

Several mechanical parameters, including strain magnitude, strain rate, strain gradients,
and fluid shear stresses within the bone, have been proposed to be involved in
remodelipg. Rubin and Lanyon (1985) found that the extent of the osteogenic response
correlated with the peak strain (magnitude) encountered during daily loading regimens.
Peak strains of 1,000 pe maintained bone, and peak strains of 2,’000’ 3,000 and 4,000 pe
effected increasingly bsteogenic responses. McLeod, Bain, and Rubin (1990) found that
high-frequency mechanical stimuli were more osteogenic than low-frequency stimuli of
identical amplitude, suggesting that strain rate is an important factor in the
mechanosensory system of bone. More recently, fluid shear stress acting on the surfaces
of bone cells has been shown to stimulate osteoblastic activity (e.g., Ichiro, et. al., 1997)
and has been proposed as a mechanical parameter responsible for osteogenesis

(Weinbaum, et. al., 1994).

The variety of types of stimuli postulated as being osteogenic in nature including strain
magnitude, rate, and fluid shear stress, highlights the need for investigators to design
experiments where osteogenic parameters may be isolated and studied independently. For

example, fluid shear stress is not dependent upon strain magnitude, but rather the time



rate of strain. As an illustration, the shear stress of a fluid near a wall is given by the

equation in Figure 2.8:

dv

A
1

/ 4 e

Figure 2.8. Fluid shear stress near a wall is not a function of strain magnitude. Fluid

shear stress is a proposed osteogenic stimulus to certain bone cells.

In the equation in Figure 2.8, t is the shear stress, p is the dynamic viscosity, and dV/dy is
the time rate of strain, which is also the velocity gradient normal to the wall. Fluid shear
stress is not a function of strain magnitude, unlike shear stress in a solid. An observation,
which directly supports the theory that fluid forces affect bone remodeling, is that
dynamic loading, which enhances fluid flow, induces an osteogenic response, whereas
'static loading, which has little effect on flow, does not (Hert, et. al., 1971; Turner, et. al.,
1994). Lanyon, et. al. (1984), showed the response to functional isolation in avian ulna
preparations with a superimposed static strain was no different from the response to
functional isolation alone; static loading did not effect an osteogenic response. For this

reason, strain rate, as well as strain magnitude, was a parameter of interest in this study,




and strain rate and frequency response were considered during validation tests of the

extensometers.

2.5.2 The Calcaneus and Bone Loss

The human calcaneus, the largest of the tarsal bones, is subject to age-related decreases in
density and strength, and is particularly affected by disuse such as that which occurs
during bed rest, reduced loading, or zero gravity conditions (LeBlanc et., al., 1990) due in
part to its high content of cancellous bone. The increased surface area of the trabeculae
that com;?rise cancellous bone makes them particularly sensitive to the cellular events
responsible for removing bone (Gross and Bain, 1993). In spaceflight, the calqaneus has
been reported to lose as much as much as 17% of its preflight mass after only twenty-four
days (Kakurin, 1972). In general, once bone mass is lost after disuse, trends in animal
studies suggest that mineral recovery can be at least partially restored, and that the rate of
restoration is slow compared to the rate of loss (Sessions, et. al., 1989; Jaworski and

Uhthoff, 1986; Rubin, et. al., 1987).

Weight-bearing bones, including the calcaneus, are more severely affected by bone loss
in microgravity environments. Based on calcium balance studies, it has been predicted
that a 5% loss in total body calcium after one year in space reflects a 25% decrease in
mineralization of the lower extremities (Whedon, 1984). This is roughly equivalent to the
loss experi'enéed during forty years of aging in post-menopausal women (Courtney, et.
al., 1995). Researchers have suggested that high loading rates and impact forces are

critical for reducing spaceflight-induced osteoporosis (Cavanagh, et. al., 1992). In the



interest of combating the problem of bone loss in space (Fig. 2.9), detexmining the
relationship between external loading and internal bone strains experienced during
physiological activity would help in the design of more effective exercise-based
countermeasures. While some mechanical properties of calcaneal trabecular bone
specimens have been measured, there are almost no data regarding physiologic strains in
the human calcaneus (D’ Andrea, 1998). Because of the unique challenge measuring
physiologic strains in the calcaneus presents, a new method of bone strain measurement

was sought.

Figure 2.9. Normal (at left) versus osteoporotic bone (at right) showing effect of loss of

bone mass

2.6 Measurement of Bone Strain in Vivo in Humans

Very few investigators to date have attempted to measure human bone strains in vivo,
therefore, underétanding of the mechanical influences in regulation of bone remodeling
has been derived almost completely from animal models. Peak principal compressive

strains are generally acknowledged to be on the order of -2,000 to —3,000 pe in most




animals (Rubin and Lanyon, 1982), although strains as high as —5,670 e have been

measured in young racehorses (Nunamaker, et. al., 1990).

The first study to measure iz vivo human bone strains was Lanyon et. al. (1975), where a
35 year old male was instrumented with a rosette strain gage on the antero-medial aspect
. of the tibial midshaft. The subject performed walking and running trials on a treadmill
and on the floor, with and without shoes for each condition, while strain traces were
recorded. The investigators found that a distinct four-phase pattern 6f strain was present
for walking; two during swing phase and two during stance phase. During treadmili
walking, strain magnitudes reached their highest range in Phase 3, heel off to toe off,
where values ranged from -368 pe to 434 pe. Strains during treadmill running reached

847 pe. Strain rates ranged from —2,300 pe/sec for walking to 13,000 pe/sec for treadmill

running.

This study by Lanyon et. al. (1975) was significant in many respects. First, it
demonstrated that bonding a strain gage rosette in vivo to human cortical bone and
obtaining a record of strain output from the gage during activity was technically feasible.
Second, it showed that strain angle can change throughout the gait cycle without visibly
noticeable changes in gait. Finally, this study established that the strain time histories
measured from the tibia during gait are comprised of a series of discrete events in which

bone is deformed, unloaded, and then deformed in the opposite direction.




FOnTI.

In a more recent study, Bur, et. al. (1996) implanted rosette strain gages in two subjects
on the medial tibial cortex at midshaft. Subjects performed activities similar to military
field training exercises often associated with stress fractures in military recruits.
Compressive, tensile, and shear strains were recorded during (a) walking, jogging, and
sprinting on a level surface, .(.b) walking carrying a 17 kg pack, (c) walking and running
uphill and downhill, and (d) zigzag running uphill and downhill. Results showed
principal compressive strains ranging from —414 pe to —1,226 ue in downhill walking and
uphill zigzag running, respectively. The most vigorous activities resulted in strain

magnitudes and rates two to three times higher than walking on a level surface, in

- accordance with the findings of Lanyon, et. al., (1975).

Rolf, et. al. (1997) used an instrumented surgical staple to measure local bone
deformation in the tibia in seven human subjects. The subjects performed two types of
jumps in the study; (a) a forward jump frofn a horizontal position 0.3 m away from a

force plate, landing on the forefoot with the foot in the neutral position, and (b) similar to .
(a) but with heel landing. Although the authors reported no absolute strain values

pending further studies of reliability and validity, they did find that peak deformation, or
strain, in the tibia occurred at 20 to 42 ms (median) after ground contact, and was up to

eight times higher during stance phase loading compared to standing still on one leg.

Milgrom et. al. (1998) used instrumented surgical staples in “three staple modified 30
degree rosette” arrangements in the mid-diaphysis of the medial aspect of the tibia in four

human subjects. They found that during jumping, average tibial compressive strains were




-1,872 ug, compared to 912 pe in tension. Peak compressive and tensile strains in the
tibia during landing from a jump were not significantly different from those recorded
during vigorous military training activities (Burr et. al., 1996). Shear strains during
jumping, however averaged 5,429 ue, and were generally three to six times greater than

compressive or tensile strains, indicating a risk of stress fractures for this type of activity.

2.7 Measurement of Bending in Bone In Vivo

Rubin and Lanyon (1982) concluded that bending moments are responsible for over 80%
of the stra@n at the bone surface. Bending loads are thought to better represent normal in
vivo loading regimens (e.g., Scott and Winter, 1990; Qin, et. al. 1998) than purely axial -
or torsional loads. Although bending moments will always be present within the structure
of bones, these moments can be significantly reduced by alteration of the longitudinal
curvature. However, the orientation of bone does not appear to be directed toward this
neutral bending axis and in some cases is directed to increase bending (Rubin, 1984),

suggesting that bone curvature acts to accentuate strain rather than limit it.

To determine the strain distribution across a section of the bone and thus obtain a
measure of bending, it is necessary to have at least three strain gage rosettes placed
around the circumference of the specimen. Rubin and Lanyon (1985) describe this
technique as applied to turkey ulnae, whereby principal strains are computed for each
strain gage location around the bone circumference. By knowing the location of each
gage around the bone circumference, it is possible to determine the longitudinal strain at
any point throughout the bone cross section. Two assumptions are made in this analysis:

material properties are assumed to be homogeneous, and strain distribution is assumed to




be uniform. Using this technique, they determined the changing location of the neutral
axis in bending turkey ulnae specimens iz vivo during wing flapping and in situ during

artificial loading.

2.8 Design Process For a New Method of Strain Measurement

The design process for developing an extensometer as an alternative method to bonded
strain gages, or to commercially available extensometers, occurred in stages. It was
desired that whole bone strain (i.e., global strain) be measured, so that infefences could
be made about the amount of compression or extension experienced by the trabecular
bone within the calcaneus. The calcaneus was targeted as the bone to study begause itisa
site that is particularly prone to disuse osteoporosis, such as that experienced by

astronauts during long-duration space flights, or patients subjected to prolonged bed rest.

2. 8.1 Cadaver Tests with Commercially Availablg Extensometers

The first approach to meésuring strain in the calcaneus.was to mount a commercially
available axial extensometer to two intraosseus pins (K-wire, 1.98 mm diameter), which
were inserted into the bone of cadaveric lower limbs and which protruded beyond the
bone cortex through the soft tissue. An MTS model 632.13E-20 was used initially. The
instrumented limbs were potted in aluminum tubes with polymethy! methacrylate
(PMMA), mounted in a drop test apparatus, and dropped onto a force plate as a way to
generate and measure impact loading regimes that would be encountered during jumping
exercises (Fig. 2.10). This extensometer, a strain—gage-based instrument, weighs 27

grams and has a maximum operating frequency of 40 Hz, which is possible only at small




displacements. An artifactual strain was encountered during these tests, which was
attributed to the relatively large mass of the extensometer, causing a relative
displacement of the extensometer upon its grips, and/or causing deformation of the
cantilevered intraosseus pins. This error was on the order of the magnitude of signal

measured. Stabilizing mounts and changing the grip design did not decrease the errors.

Figure 2.10. One of the cadaver feet used in drop test experiments where bone strain was

measured using commercially available axial extensometers.

2.8.2 Capacitive -Based Sensors in a New Extensometer Design

A new solution to the problems encountered with commercially available axial
extensometers was sought, and capacitive sensors were investigated for their non-contact
properties, small size and weight, high resolution and dynamic range. The capacitive

sensors could be mounted to the protruding ends of the intraosseus pins such that a




change in pin position could be detected by the change in air gap between the capacitive
sensor and its target. The prototype version of the capacitance-based extensometer
utilized a single capacitive sensor. This design was used in cadaver drop tests (Courtney,
et. al., 1997), and in human subjects (Fig. 2.11) who performed jumping exercises.in 1g
and simulated zero gravity (D’ Andrea, 1998). Subjects gave written informed consent to
participate in the protocol, which was approved by the Internal Review Board of the

Cleveland Clinic Foundation.

Figure 2.11. Prototype capacitive axial extensometer utilizing a single capacitive probe

shown implanted into the lateral aspect of the right calcaneus in a live human subject.

The average peak magnitudes of the compressive strain measured during jumping
exercises in a custom zero gravity simulator ranged between 0.34 and 0.57 % strain
(3,400 to 5,700 ue) with individual strains as high as 1.36% (D’ Andrea, 1998). One of

the results that was considered surprising at the time was the presence of substantial




tensile strains in the data (Fig. 2.12, where tensile strains are indicated as a positive VDC
probe output). Initially, it was believed that the impact force as the subject came in
contact with the ground would cause compressive loading in the bone. At times, the
tensile strain was greater than the compressive strain, and there were noticeable tensile
strains recorded during the push-off phase of the countermovement during the jumping
exercises. This was evident in all of the subjects and at times was greater than the strain
during landing (D’ Andrea, 1998). During jumping exercises, tensile peaks were on
average 1.5 times the compressive peak. Tests were performed to ensure that the tensile
strains were not an artifact in the data but were indeed being measured, and to obtain

conclusive evidence that the bone was in fact experiencing tension.

Although a major aim of the jumping study was to determine the relationship between
externally applied force and internal bone strains, peak correlations between these two
variables did not exceed 0.53, with most values below 0.3 (D’ Andrea, 1998). Several
reasons for this were postulated, including excessive vibration of pins upon impact
(although by the use of Castigliano’s Theorem, this was shown to have little or no effect
on the resultant strain), variation in bone stiffness between cortical and trabecular bone,
causing the pins to possibly “teeter totter” about the stiff cortical shell, and finally, the
possibility that the calcaneus does not simply compress with loading, but experiences

complex deformation, including bending.
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Figure 2.12. Representative in vivo calcaneal strain time history plotted with vertical
force during jumping movement in human subject. Data obtained with capacitive

extensometer outfitted with a single sensor.

2.8.3 Requirement for Bending Measurement Capability

Of the possible reasons for a lack of a relationship between external force and internal
bone strains, the most apparent was that in a specimen undergoing bending, a single
sensor would not be adequate to measure pin displacement. Given the irregular geometry
of the bone and irregular loading directions imposed upon it, the calcaneus most certainly

does not deformsolely in a uniaxial fashion. Due to its angulation with the ground and




the concavity of its medial surface, for example, it is conceivable that bending occurs in
both the coronal and sagittal planes during normal loading. In general, loading on bone
occurs from both external loading i.e., ground reaction force, and internal loading, e.g.,
bone-on-bone contact forces, forces imposed via tendons due to muscle activity, and
forces from ligaments. For example, the force in the Achilles tendon, an internal load, can

reach magnitudes of up to 2,000 N during jumping (Fukashiro, et. al., 1995).

Because the capacitive sensor is a non-contact device, the intraosseus pins may move
independe;ntly, and, within a given plane, may become non-parallel, or may move out of
plane with one another. This is not necessarily a disadvantage, howéver, as this
observation led to the conclusion that for a single sensor mounted external to the
measurement site of interest, strain magnitude will be independeﬁt of sensor position
along the pins only if the pins remain parallel to one another, i.e., if the specimen
experiences pure axial deformation. In bending, the intraosseus pins may become non-
parallel and strain magnitude becomes a function of sensor position. Therefore, to
account for bending, the single-sensor design evolved into one that incorporates two
identical sensors mounted at some distance apart, along the exposed length of the pins.
Using geometric variables measured from the extensometer, i.e., distance between
sensors and distance from sensors to bone, and displacement data from each of the two
sensors, it is possible to calculate strain at a plane that does not contain the sensors, such

as the bone surface, or within the bone.




With the capacitive extensometers described in this study, bending strains are measured
by means of the differential output from a sensor pair mounted to pins that project from
the specimen. This gives a measure of both axial pin position and pin angle. When pin
angle is used with other geometric parameters of the device, surface strain in a bending
specimen can be calculated. The sense of the pin angle allows one to reconstruct whether
the bend is compressive or tensile. A benefit is realized when this measurement can be

obtained from a single site, as this means a less invasive measurement process.

Coupling linear displacement transducers to track pin movement and compute strain is
the basis tlor the extensometer designs. The design reqﬁires that the pins be allowed to
move freely, so in this way, this design is distinguished from other devices thaf use pins
(such as external fixators) or screws (such as pedicle screws) implanted into the bone
where external loading is applied. The extensometer designs require non-contact
displacement sensors, which is an important consideration when choosing capacitance

sensors as the displacement-measuring technique.

2.8.4 Pilot Studies with the Axial Capacitive Extensometer

To test the feasibility of the capacitive extensometer concept, two pilot studies were
performed with the axial extensometer design utilizing two capacitive sensors. The first
study, a.) explored the ability to predict strains within a specimen in bending. The second
study, b.) estimated the actual global strain in a cadaveric calcaneus undergoing non-
uniaxial deformation due to external impact loading. These studies were designed to

illustrate not only the magnitude of error encountered by using a single sensor




arrangement, but also to demonstrate that an extensometer that incorporates sensor-pairs

is a viable method of strain measurement for this medium.

2.8.4.1 Cantilevered Bending Measured in an Acrylic Specimen

Study a.) used an acrylic bar measuring 19 x 19 x 152 mm long, instrumented with the
axial extensometer and with a single uniaxial strain gage mounted to the specimen
surface within the gage length of the extensometer as a comparison measurement. The
instrumented bar was subjected to cantilevered bending over a series of loads. The
maximum strain was extracted from the time histories of the _axial extensometer, and the
surface mounted strain gage. At one load condition, for example, the analysis predicted a
maximum surface strain of 1,230.77 pe. The actual measured strain from the surface
mounted gage was 1,222 ue. Pearson’s correlation coefficient ( r) between measured and
calculated strain at the surface was r = 0.989 (n = 16 trials). This preliminary analysis
demonstrated the ability to predict surface strains from an extensometer outfitted with a
sensor pair. One problem with the désign of this experiment was that cantilevered
bending produces a non-uniform strain along the beam, so that if the comparison strain
gage mounted to the surface of the beam is not precisely located between the pins at their
midpoint, the strain measured from the strain gé.ge and the strain calculated from the
extensometer will be different. This was remedied by the use of four-point bending,
described later in Chapter 3, Methods, which produces uniform strain between the

loading points (load span) where the measurement is made.




2.8.4.2 Axial Strain Measurement in Cadaver Foot Specimen

Study b.) involved instrumenting the lateral aspect of the calcaneus of a fresh frozen
cadaver foot specimen with the axial extensometer using two capacitive sensors, and
loading the cadaver foot with an external impact to the heel. The author planned to use a
uniaxial strain gage as a comparison measurement as in study a.), however, difficulty was
encountered with bonding the gage to the surface of the calcaneus, so this measurement
was abandoned. The difficulty stemmed primarily from the roughness of the bone
surface, but keeping the surface dry was also difficult because of several seeping pores
within the mounting area after the periosteum was removed and the area was sanded and
degreased with alcohol. Figure 2.13 shows the extensometer mounted within the lateral
aspect of the calcaneus, and results from a data set where the maximum strain value was
extracted from time histories of each of the two sensors during external impact loading of
the foot and used to calculate strain at the bone midline (halfway into the bone). Note that
not only does the strain magnitude vary between sensors #2 and #3, indicating that the
pins became non-parallel, but also that the sense of the measured strains (positive) was
different from the sense of the predicted strain within the region of the bone (negative).
This is indicative of there being present a “crossing over point” of the path taken by each
pin where, conceivably, strain would be measured as zero. The analysis assumed that
each pin displaced symmetrically, and that the final pin location could be described as a
translation plus a rotation. The analysis was performed in 2D due to limitations of the
extensometer. Of note is the fact that both the sense and magnitude of the predicted strain
.are reasonable for this loading condition and within the expected physiological range.

This pilot study also showed that, in the calcaneus undergoing external “axial” loading, a




tensile bend (causing the lateral surface of the calcaneus to experience more tension than

the medial side) was present, causing the outboard sensor (#3) to measure higher strain

than the inboard sensor (#2).

Measured strain at 3 = +782 ue
Measured strain at 2 =+ 150 ue

Predicted strain in bone = -1,202 e

Figure 2.13. Axial extensometer utilizing two capacitive probes (labeled 2 and 3)
mounted in calcaneus of cadaver foot. The measured values from sensors 2 and 3 are
used to calculate strain (predicted strain) at a third plane, within the bone. Differences in
strain sense and magnitude at the three sites indicate that the bone experiences tensile

bending.

2.9 Delta Extensometer Design Considerations

The axial extensometer utilizing two sensors (and targets) and two pins was found to be a
feasible device, capable of measuring strains at a plane of interest lying outsidé the
measurement planes. The axial extensometer measures strains in only one direction and

should only be used where the direction of strain is known.




When the strain state of a specimen is unknown, it is possible to determine both the
magnitude and direction of principal strains by using a rosette, or three-element gage

(Fig. 2.14).

Figure 2.14. Representative three-element 60-degree delta rosette strain gages. (Adapted

from Measurements Group, Inc. website, measurementsgroup.com,).

Each element within the rosette is termed a “grid” and each has a “grid direction.” Strain
gage rosettes are typically available in 45 (rectangular) or 60 (delta) degree styles, which
refers to the angle between grids. Looking more closely at the delta rosette grid
directions; it can be seen that it is possible to have geometrically different but

functionally equivalent grid orientations (Fig. 2.15).

The functionality of a delta rosette was designed into the capacitive extensometer design
by the addition of a third pin and additional sensors. If pin and sensor pairs are coupled

together in a 60-degree orientation, it is possible to measure principal strain




Figure 2.15. Geometrically different but functionally equivalent grid orientations for a

delta rosette.

magnitudes and their direction, and maximum shear strain, as would a strain gage rosette.
This device is termed a capacitive “delta extensometer” (“delta” since sensor pairs are
oriented 60 degrees apart, as in a delta rosette). The delta extensometer, described further
in Chapter 3, Methods, incorporates three intraosseus pins; each positioned at an apex of
an equilateral triangle, and not two, but six cépacitive probes. Each of the six capacitive
probes in this design measures axial displacement only, as do the individual gage
elements in a rosette. Strain transformation relationships (Mohr’s circle for strain) are
used to calculate principal strain magnitude and their direction, and maximum shear

strain in the specimen.




CHAPTER 3

METHODOLOGY

3.1 Overview of Extensometer Design

The extensometers designed in this study use capacitance as the sensing technique. The
designs use at least two pins inserted into a specimen, and at least two non-contact
capacitive displacement probes with targets. These probes and targets are mounted across
the pins, and provide a variable capacitance whose output is varied by the displacement
between tile pins. The pin displacement is proportional to the global strain experienced by
the specimen within the gage length. The sensors are mounted to machined bases, which
are insulated from the sensors, and provide a means to mount the sensor to its pin.
Targets are required to be machined flat, be made of a conductive material, and be
grounded. Target surfaces were slightly oversized with reference to the sensing area to
minimize or eliminate a change in capacitance due to transverse motion. The distance
between pin centerlines defines the gage length, which is allowed to change, depending
on the user’s needs. For example, if the user is interested in capturing more accurate
strains, or the strain field beneath the gage is expected to have high strain gradients, the
gage length should be reduced. If the user expects high strain values within the site of
interest, or wishes to capture average, or global, strains within a structure such as
cancellous bone, or an aggregate such as concrete, larger gage lengths may be used. The

user may also select different sensors or linear ranges, depending on the application.




The capacitive delta extensometer has the benefits of an extensometer that is used to
measure axial strain, as well as the benefits of providing principal strain magnitudes and

their direction, maximum shear strain, and a measure of bending in the specimen.

3.1.1 Axial Extensometer Design Features

The axvialvextensometer incorporates two intraosseus pins and paired capacitive sensors
(HPB-75/156B-A-13-15-B-D probe, Capacitec Inc., Ayer, MA). A capacitive “button”
sensor (Fig. 3.1), which is a non-contact device, was chosen for its small size and weight,
resolutior}, and dynamic range. Specifically, the sensor body measures 5.59 mm in
diameter, and is 2 mm thick. The entire extensometer weighs less than 8 grams. The

sensors have a resolution of +/- 0.0001 mm (or +/- 0.1 pm).

b.)

Figure 3.1. a.) Capacitive “button” probe. b.) cutaway view of same. Adapted from

Capacitec Product Manual (Capacitec, Inc., Ayer, MA).

The capacitive button probes are mounted to insulated aluminum bases with

cyanoacrylate adhesive. The bases attach to an intraosseus pin (K-wire, Trochar tip, 1.98




mm dia.) with setscrews. Each sensor faces a target surface mounted via an aluminum
base to a second pin (Fig. 3.2). The target is a machined cap that mounts to and slides
along its base. This target cap allows a linear adjustment of the air gap of approximately
0.25 mm, to allow the air gap to be set to a nominal 0.5 mm. This linear adjustment is a
desirable feature because pins are not completely parallel upon insertion even with the
use of a drilling jig, because of tolerances in the jig and manual drilling imposes some
inevitable side loading on the pins, causing them to have a slight sprihg load which, upon
removal of the jig, causes small deviations from parallel. The -target body accepts a
grounding clip which is attached to a cable running to the signgl conditioner chassis

ground.
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Figure 3.2. Capacitive axial extensometer components. Shown mounted into the lateral

aspect of the right calcaneus in a human.




3.1.2 Delta Extensometer Design Features

The delta extensometer (Fig. 3.3) utilizes six sensors (HPS-1X4C-A-200-FX, Capacitec,
Inc.) and three pins (K-wire, Trochar tip, and 1.57 mm dia.). The sensors are mounted to
acrylic bodies (five-sided, although there is no requirement for five sides). Each acrylic
body is identi;al and has two internal faces; a sensor face, and a target face. The sensor
face carries a pair of capacitive sensors spaced apart from each other by some distance,
and oriented with respect to each other by a value of 60 degrees. The target face, acting
as the target to the sensor-pair mounted to the adjacent acfylic body, is machined flat, and
as the conductive surface, has aluminum tape affixed to it. The tape is cut so that a tab
extends from the target area, and a thin grounding wire is fastened to the tab with
conductive epoxy. Each grounding wire is routed to a custom connector to a grounding
cable, which is attached to the signal conditioner chassis ground. The five-sided
mounting bases provide for the proper alignment of the sensors, and also provides for the
proper air gaps within the linear range of the sensors. The acrylic bodies mount to the

pins via setscrews.

The HPS series of sensors are thinner and lighter in weight than the button probes used in
the axial extensometer design. These features made the HPS sensors attractive for the
delta extensometer design. In addition, the probe areas, which, as opposed to being
circular as with the axial extensometer, were rectangular in shape (measuring 1 by 4 mm
by 0.25 mm thick). The probes were oriented with their short dimension (1 mm)
positioned transversely to the pin long axes, and were mounted as far apart as possible on

the acrylic bodies to improve the effective resolution of the extensometer. A quantitative

—




relationship between the effective resolution as a function of sensor area, sensor spacing,

and other system parameters was developed, and is presented in Section 3.3 of this thesis.

4-40 set screws

Aluminum tape
(grounded target surface)

\ 1.57 mm dia. K-wire
k\/i Thin capacitive probes

Area=1 X4 mm

Figure 3.3. Delta extensometer assembly (top) and the components associated with each

intraosseus pin, or K-wire (bottom).




The smaller pin diameter used with the delta extensometer (1.57 mm as opposed to 1.98
mm diameter for the axial extensometer) allows linear adjustment of the air gap,
analogous to the adjustable target cap in the axial design. Since the acrylic bodies were
not designed to adjust, a slightly smaller pin (therefore slightly oversized through-hole)

allows the linear adjustment required enabling the nominal air gap of 0.5 mm to be

realized in practice. The linear adjustments are made with copper shims placed adjacent

to the pins but within the through-holes.

The delta extensometer extends the capability of axial extensometers by providing a
measure of principal strain direction and magnitude. Since each sensor pair is Qriented at
60 degrees (Fig. 3.4), strain transformation relationships (Mohr’s circle for strain) can be
used to calculate principal strain magnitudes and their direction. The numbering
convention for grid directions on a strain gage rosette ié identical to the convention used
for the delta extensometer (Fig. 3.5). The terminology “grid direction” is kept for the

delta extensometer, even though no actual resistive grids are present in the design.

Proper spacing and alignment of the pins is accomplished with a drilling jig designed to
ensure that the pins are parallel and positioned correctly, and that the sensor bed

assembly is properly aligned and provides air gaps within the linear range of the sensors.




Figure 3.4. Delta extensometer in cross section shows orientation of “grid” directions,

or sensor pair separation at 60 degrees.

Figure 3.5. Delta rosette bonded strain gage grid layout (at left) and delta extensometer
layout (at right) are the same. Shown with both strain gage and extensometer oriented at
some arbitrary angle, 6, as measured from the principal maximum strain axis, &, on a

generic specimen.




3.2 Experimental Design for Four-Point Bending Validation Tests

3.2.1 Specimen Material Selection

Dynamic four-point bending tests were performed to validate the performance of the
axial and delta extensometers against a known standard, and it was desired that the
validation specimen have a modulus on the order of that of trabecular bone, such that the
validation test could be run over a range of strain magnitudes that fniéht be realistically
encountered in vivo. The measurement site of interest, the calcaneus, is composed
primarily of trabecular bone with a thin cortical shell. Trabecular bone has a Young’s
Modulus of 1 GPa. For comparisons, the moduli of trabecular bone and other selected

materials are listed below in Table 3.1.

Table 3.1 Young’s Modulus for trabecular bone and other selected materials.

Material ' - Young’s M(;dulus (E) (typical)
Trabecular (cancellous) bone 1 GPa
Acrylic 3 GPa
Oak 12 GPa
Cortical bone 17 GPa
Aluminum alloy 76 GPa
Brass, annealed 103 GPa

Stainless steel _ 200 GPa




The yield strain of cortical bone has been reported to be on the order of 7,400 pe (Turner,
1989). Typical in vivo cortical bone strains reach 4,000 pue (Rubin and Lanyon, 1987).
Thus, a relatively low modulus material was needed to be able to reach or exceed these
magnitudes in the four-point bending apparatus for the validation study. Acrylic was
chosen as the test material, both for its availability and its relatively low modulus (3 GPa)

on the order of that of trabecular bone. The acrylic bar has a yield stress o, of 73.5 MPa,

giving a yield strain (g,) of:

indicating that the material would not fail over the planned test regime.

3.2.2 Strain Magnitude, Frequency, and Rate Determination

To show that the extensometers would be useful for measuring physiologically relevant
strain magnitudes, frequencies, and rates, the range of values reported in the literature for
these parameters was used to develop the four-point bending test envelope.
Consideration for the test equipment limitations was involved in developing the test
envelope. For example, the materials test machine was not able to exceed 20 Hz
operating frequency, but it was desired that the extensometer be shown to be useful in
situations where 30 Hz fluctuations in strain might be present. Further, in vivo strains
may pass through zero (e.g., Lanyon, et. al., 1976, Swartz, et. al., 1992) which is not
desirable to do in the materials test machine during high frequency tests. Considering

these variables, the parameter of strain rate was used to develop a test envelope that




would validate the usefulness of the extensometer over the range of strain magnitudes,
frequencies, and rates encountered in physiological settings while not exceeding the

limits of the test equipment (Fig. 3.6).

A LabVIEW virtual instrument (VI) was written to allow calculation of maximum strain
rate for any sinusoidal input, so that the limitations of the test equipment could be
incorporated into the development of the test regime, while maintaining the desired strain
magnitudes and rates. Specifically: (i) a preload wés kept on the specimen so a zero load
condition did not occur; (i) the materials test machine could not exceed a 20 Hz load
input, and; (ii1) the yield strain of the strain gage instrumentation could not be exceeded.
With the VI, the user input the desired magnitude and frequency of the sinusoidal
waveform, and the program calculated the maximum strain rate by fitting a linear
regression through the first 5 samples of the generated sinusoidal waveform sampled at
1,000 Hz. In this way, the strain rates encountered physiologically could be achieved
while not exceeding the limits of both the test equipment and the test specimen. This

exercise was simply a way of establishing a meaningful test envelope.

For example, Rubin and Lanyon (1985) reported that 1 to 2 Hz events during locomotion
produce levels of strain on the order of 1,000 to 3,000 pe and are osteogenic in nature.
These ranges of strain magnitudes and frequencies were plotted as two sinusoidal events,
with the zero to peak values reaching 1,000 and 3,000 pe. Maximum strain rates were

calculated for each sinusoid, that is;




Regime 1: (Rubin and Lanyon, 1985)
3,000 pe at 2 Hz gives a max. strain rate = 37,676 uc /sec

1,000 pe at 1 Hz gives a max. strain rate = 6,282 pg / sec

With the range of strain rates known, the curves may be shifted such that they do not pass
through zero, and a new frequency can be found while matching the strain rate and
magnitude, or if desired, a new magnitude can be found while matching the strain rate
and frequency. This is especially important when one encounters parameter values that

are not attainable on the materials test equipment.

Cowin (1997) reported that higher frequency events of 15 to 25 Hz on the order of 100 to
250 pe magnitude, possibly associated with muscular contractions to maintain posture,

are of importance in maintaining bone mass. Calculating the strain rates for these events;

Regime 2: (Cowin, 1997)
250 pe at 25 Hz gives a max. strain rate = 35,533 ue /sec

100 pe at 15 Hz gives a max. strain rate = 9,096 pe /sec

Of note is the fact that, although the regimes reported by both Rubin and Lanyon (1985)
and Cowin (1997) are very different both in terms of magnitude, frequency, and the daily
activities from which they are derived, the range of strain rates encompassed by these

regimes are very similar (Fig. 3.7), which seems to lend support to the fact that strain rate




may be an important mechanical parameter related to osteogenesis (mechanical
parameters related to osteogenesis were discussed earlier in Chapter 2, Background). The
maximum target strain magnitude and rate for this study were chosen to be 4,000 pe and

40,000 pe/sec, respectively, in order to encompass the physiological regimes discussed

above.
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Figure 3.6. The range of strain magnitudes and rates encountered from physiological
activity from two separate investigations (Regimes | and 2 indicated in the text),

associated with osteogenesis were used to establish the four-point bend test envelope.
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Figure 3.7. Expanded view of Figure 3.6, whereby the two different test regimes are
shown to have a similar range of strain rates associated with osteogenesis. This range of

strain rates was included in the four-point bend test regime.

3.2.3 Four-Point Bending Test — Axial Extensometer

The four-point bending test for the axial extensometer used an acrylic bar measuring 19 x
19 x 152 mm long, instrumented with the capacitive extensometer and, as a comparison
strain measurement, a single uniaxial strain gage (Measurements Group, CEA-00-
062UW-350, gage length = 1.57 mm) mounted to the specimen surface between the pins

and aligned with the extensometer axis (Fig.3.8).




Maximum strain rates reported in the literature for in vivo studies were used to create the
validation test envelope from low levels of strain (down to the resolution of the
extensometers) up to and exceeding 4,000 pe. The rate of 40,000 pe/sec was targeted as
the maximum desired strain rate for the validation tests. The materials test equipment was
operated up to its maximum operating frequency of 20 Hz (for more see section 3.3.4

Four-Point Bending Test Procedure).
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Figure 3.8. Axial extensometer shown mounted in four-point bending specimen.

3.2.4 Four-Point Bending Test — Delta Extensometer
The four-point bending test for the delta extensometer used an acrylic bar measuring 25.4
X 25.4 x 304.8 mm long. The bar was instrumented with the capacitive extensometer and,

as a comparison strain measurement, delta rosette strain gages (Measurements Group,




WA-03-030WY-120). The rosette strain gages were mounted to the specimen surface
next to the extensometer insertion site within the load span (Fig. 3.9). The delta rosette
strain gages were bonded to the specimen outside the area enclosed by the pins due to
size of the gage and associated solder tabs, and to minimize the possibility of stress

concentrations from the mounting holes from interfering with the strain gage output.
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Figure 3.9. Four-point bend set up for delta extensometer test in acrylic specimen. The
load is applied at top (roller contact points define the load span), and is supported by the

rollers at bottom.

The extensometer alignment was changed from having the reference grid (grid 1) aligned
with the long axis of the specimen, to having the reference grid rotated 22.5-degrees off-

axis. This was done to maximize the signal from the three grid directions, as the




Poisson’s ratio of approximately 0.3 for acrylic brings grids 2 and 3 very close to zero for

the specimen in bending when grid 1 is aligned with the long axis. This can be readily

seen from constructing Mohr’s circles for strain, drawn for the original and the revised

orientations (Fig. 3.10). The delta extensometer is shown mounted in the acrylic test

specimen (in revised orientation) in Figure 3.11.
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Figure 3.10. Original (top) and revised extensometer orientation (bottom) and associated

Mohr's circles for strain for four-point bending tests with the delta extensometer.
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Figure 3.11. Delta extensometer shown mounted in acrylic specimen during four-point

bending tests. The strain gage rosette used for comparison measurements is visible at

left.




3.2.5 Instrumentation and Wiring

The capacitive probes used in the extensometer designs were calibrated at the factory
(Capacitec, Inc., Ayer, MA) over an air gap of 0to 1.016 mrh,"c‘orresponding to -5 to
+5VDC, or a linear range of +/- 40,000 ue with a 12.7 mm gage length (axial
extensometer), or +/- 71,000 pe with a 7.1 mm gage length (delta extensometer). The
amplifier resolution (Capacitec) is +/-0.01% of full scale, or +/- 1 mV over a 10 V full-
scale range. The engineering unit conversion for both extensometers is 1.016 X 10 ~*
mm/mV. Each probe therefore has a resolution of +/- 1.016 X 10 ~*mm, or +/- 8 u¢ for
the axial extensometer, and +/- 14.3 pe for the delta extensometer. However, this
resolution is associated with each probe in the extensometer system, and when probes afe
coupled together to allow calculation of displacement (or strain) at a third location, this
resolution decreases. The term “effective resolution” is given to the resolution of the
calculated strain, and the equations for this are developed in Chapter 5 (Section 5.3,
“Effective Resolﬁtion of Extensometers™). The extensometer and signal conditioning
specifications are summarized in Table 3.2. Probe frequency responses up to 200 kHz are

possible (Foster, 1989).

Data were colleéﬁed with a 16-bit A/D board (AT-MI0-16E-10, National Instruments,
Austin, TX) in a personal computer, and processed through a custom LabVIEW data
acquisition and analysis program (National Instnirﬁ;énts). Data were oversampled at 5,000
Hz, and plotted as 10 sample averages, giving an effective sampling rate of 500 Hz.
Resolution can be improved by oversampling due to the oscillatory nature of the

modulation /demodulation circuitry (carrier frequency =15 kHz) used by the amplifiers.




Oversampling improved the effective resolution of the extensometers by approximately
50%. A gain stage and anti-aliasing filter (8300 XWB, Preston Scientific, Anaheim, CA)

with cutoff frequency of 100 Hz was used prior to digitizing (Fig. 3.12).

3.2.6 Filtering and Sampling Rate Considerations

An anti-alias filter was used prior to digitizing with (8300 XWB, Preston Scientific,
Anaheim, CA). Loading inputs to the acrylic specimen did not exceed 20 Hz in the four-
point bending test regime. To determine the frequency range of interest for the validation
test, and to ensure that valuable frequency content in the sampled signal was not
attenuated by the lowpass filter, the analog load signal from the Instron machine was
sampled at 5000 Hz for 2 conditions expected to have the highest frequency content: a 20
Hz sinusoidal load input and a 2 Hz square wave input. Frequency spectra of the load
signals were generated, and the frequency above which energy content in the signal was
attenuated to less than 0.1 % of the maximum was chosen as the frequency range of
interest, and found to be SO Hz. Based on this value (50 Hz) a filter cutoff frequency (Fc)
=100 Hz and sampling rate (Fs) = 5000 Hz were chosen, giving a sampling ratio FS/F cof
50 to 1. In general, a Fs/Fc ratio of 10 is a rule of thumb, but a higher ratio was used in
this case because of the relatively slow roll-off characteristics of the 2™ order filter in the
Preston émpliﬁer. Aliasing occurs when false low-frequency components appear in the
sampled data due to undersampling. The anti-alias filter ensures that frequency content in
the digitized signal does not exceed the Nyquist frequency (Fs/2), such that

undersampling does not occur.




Table 3.2. Extensometer/Signal Conditioner Specifications:

Extensometer Type

Parameter

. Axial .

Delta .

Probe model (Capacitec)

Probe size

Probe linear range
Extensometer size
Extensometer weight
Gage length

No. of sensors used
Extensometer linear range
Extensometer strain range

Input connector

Amplifier model used

Low-pass filter Fc used

Linearity
Resolution
Aﬁalog Output
Probe Excitation:
Voltage

Frequency

Engineering unit conv.

HPB-75/156B-A-13-15-B-D

1.91 mm sensor O.D.
5.59 mm guard O.D.

1.270 mm
2X2X1lem
8 grams
12.70 mm
two (2)
1.016 mm

+/- 40,000 pe (or +/- 4%)

HPS-1X4C-A-200-FX

1X4 mm sensor area
(rectangular)

1.270 mm
2cm
‘8 grams
7.1 mm
six (6)
1.016 mm

+/- 71,000 pe (or +/- 7%)

BNC Microdot 10-32 miniature
coaxial
4100-SL 4100-S
-3dB at 3.5 kHz -3dB at 200 Hz
0.2% of full scale

+/-0.01%F.S,,or +/- 1 mV

-5.000 to +5.000 volts DC signal, proportional to gap

AC proportional to gap 3 V P-P max.

15.562 kHz +/- 0.01 %

1.016 X 10 ~* mm/mV




INSTRUMENTATION AND WIRING SCHEMATIC

DELTA EXTENSOMETER 60 DEGREE STRAIN GAGE 60 DEGREE STRAI
6 CAPACITIVE SENSORS DELTA ROSETTE DELTA ROSETTE
ON SPECIMEN BOTTOM SIDE  ON SPECIMEN BOTTOM SIDE ON SPECIMEN TC

CAPACITEC 4100-8
- Signal conditioner VISHAY 2100

Fe = 200 Hz Lowpass Signal conditioner

PRESTON 8300 XWB Signat conditioning amplifier
GAIN X1, X2, X5, X10
Fc = 100 Hz Lowpass

JUNCTION BOX
BNC connectors

NATIONAL INSTRUMENTS
AT-MIO-16E-10

A/ D converter 16-bit
100 kHz capacity

PENTIUM PC
LabVIEW
Fs = 5000 Hz

Figure 3.12. Schematic of data acquisition and wiring scheme for delta extensometer. 4
similar scheme was used for the axial extensometer, with a uniaxial strain gage used in

place of the delta rosettes.




3.3 Experimental Procedure

3.3.1 Strain Calculation Equation Development

Strain in the specimen is calculated from measurements obtained from sensor pairs that
lie outside of the plane of interest (e.g., the surface): The basic concept is that a line can
be defined in two-dimensional space by two points. In this case, there are three lines,
each corresponding to a pin. Each pair of lines is contained within a two dimensional
coordinate system, and if we assume the pins displace symmetrically with respect to each
other pin the 2D system, can be analyzed for displacement from an imaginary X-axis
which lies centrally located between them (Fig. 3.13). Three coordinate systems exist,
each oriented from the other by 60 degrees. At the plane where each pair of pins
intersects the surface of the specimen, three distances can be obtained through
trigonometric relationships, whié:h reéresent the change in distance between pin pairs
(AL), which can be convérted to engineering strain by dividing by gage length. Stated in
other words, strain is calculated using the measured outputs from the two sensors lying at
known points along each pair of pins, and geometry variables which are measured
manually beforehand and entered into the data reduction program. The data reduction
program calculates strain at any desired location, as measured from the outer sensor (SB).
Based on strain-time histories in three directions, each 60 degrees apart, strain-
transformation relationships are used to calculate principal strain magnitudes and t'heir

direction, and maximum shear strain in the specimen. The measured variables were:
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e AB (measured length) = centerline distance between sensor pairs

¢ SB (measured length) = distance from measurement plane of interest (e.g., surface)
and the centerline of the outboard sensor

e yg;i(obtained from sensor output) = outboard sensor output

¢ yai(obtained from sensor output) = inboard sensor output

e ysi=1{(ysi SB, 0 ) =y location of pin where it intersects measurement plane

e yso=f(GL) = half of the gage length

e GL = (measured length) = centerline distance between pins

o 6 = f(ypi yai, AB) = half angle of any pair of pins

The procedure was:

Measure lengths AB (= Xgo-Xa0), SB (=xago), and GL (gage length), yso = GL / 2 (Fig.

3.13).
e Record zero (unstrained) sensor voltage outputs; convert to engineering units (mm)
—» gives initial pin position from x-axis at A and B; yao, ¥ao

[1944)
1

e Deform specimen, record sensor outputs (for “i” number of samples); convert to
engineering units

—> gives new pin position at A and B; ya;, ysi, 8SSume Xa=Xao, Xgi=Xs0
e Subtract zero readings to obtain change in air gaps; Ayai = Yai- Yao:; AYsi =Yai- Y80
e Define 6 =sin" ((ygi-yai)/AB) (eqn. 3.1)
» By similarity, yg;-ysi= (SB)(sin 0 )

e Rearranging, ys;= ysi- (SB)(sin 6) (eqn. 3.2)
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Figure 3.13. Schematic of extensometer (top) and coordinate system (bottom,).

® ysi.-Yso = Ays; = change in pin location at surface

e Then, strain at surface is; €5 =(2 Aysi ) / GL

. And, Yso= GL/2
e Substituting eqn. (3.3) into (3.4)
€s =2 (¥si-¥so)/ GL

s Substituting eqn. (3.5) into (3.6)

(eqn. 3.3)

(eqn. 3.4)

(eqn. 3.5)

(eqn. 3.6)
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o Substituting eqn. (3.2) into (3.7)

2[()’&' - SB(sind) - g‘é)J
=T GL 2

e Substituting eqn. (3.1) into eqn. (3.8)
Vai ~Yaiy OL
2y, ~SB(ZE Ly _T=
_ [y"‘- TR 2]

8 =
S GL

o Simplifying,

. =2yB‘. _ 2(SB)yg; + 2(SB)y . _
GL (AB)GL (4B)GL

(eqn. 3.7)

(eqn. 3.8)

(eqn. 3.9)

Which can be partially differentiated with respect to variables AB, SB, yai, yai,and GL

for the uncertainty analysis presented in Chapter 5, Experimental Uncertainty and Error.

3.3.2 Data Acquisition and Processing

The virtual instruments (VIs) in LabVIEW were used to collect, process, and display

information related to the extensometer and the surface-mounted comparison strain

gages. The overall goal of the programs was to perform data acquisition and analysis for

10 separate channels of data, and provide a user interface for data collection and storage.

For the delta extensometer, six of the channels were associated with the 6 capacitive




sensors used. Three channels were from the individual grid elements on a 3-element delta
rosette strain gage, used as a comparison measurement to validate the device. One
channel was left available for a single grid measurement from a strain gage mounted to

the underside of the validation specimen. The VI hierarchy and purposes of each VI are:

1.) Setup: Input raw and processed filenames, define geometric parameters of system;
gage length, distances SB, AB (Fig. 3.14), input gain settings, establish sampling rate,

establish number of samples to average, input comments for data file.

Figure 3.14. Definition of planes used for calculations of strain with the delta

extensometer.

2.) Acquire Zero: Record initial displacements in unstrained specimen (baseline). Zero

~ data are sampled and stored for later use as a baseline for subsequent strain

measurements.
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e Apply 2™ order polynomial calibration fits to convert voltage to displacement.

Calculate initial air gaps.

3.) Collect, Process, Display, and Save Data:

Apply 2™ order polynomial calibration fits to convert voltage to displacement for
capacitive sensors.

Acquire “n” number of scans as specified by the user and save to a two
dimensional array. Record measured values on strained specimen throughout
sample period as change from baseline. Record from vcapacitive sensors and strain
gages.

Take an average of every “n” points as specified by the user and pass through as
single point averages of every “n” data points for further processing. Pass through

unaveraged measured values to raw data file.

Calculate strain at extensometer planes A and B (obtain €1A, €2A, €3A,; €1B, 2B,
e3B).

For each sensor pair (e.g., 1A and 1B, or sensor channel numbers 1 and 4)
calculate 6 = half angle between pins associated with sensor pairs and their target,
or angle between pin and the x-axis.

Calculate three strains at new plane (S) using geometric parameters and 6; (€1 A
and €1B give €1; €2A and 2B give €2; €3A and €3B give €3.)

Apply Strain Transformation Relationships (Mohr’s circle for strain) using €1, £2,

and €3 for both extensometer and strain gage rosette.




Calculate principal strains and their direction from:

_&l+e2+¢&3
rq 3

i*?\/(sl-ng +(s2-63)" + (3~ ¢’

)
6= Lian™ ——————\/3(63 €2)
2 2el -2 -¢3

Where: 8 is measured from the principal axis to the reference grid
(grid 1). (Note this is a new symbol from the above 6 which defines
angle pin makes with x-axis. This new symbol is kept for convention
with the strain transformation relationships, but is not actually used, as
it gets replaced with ¢ for subsequent calculations.)

. Calculate maximum shear strain from:

Y max =Ep_£q

. Check for several conditions in order to determine whether the angle ¢ is to the

principal maximum or minimum axis (P or Q). The principal strain angle, ¢, is

¢ measured from the reference grid on the strain gage rosette or the extensometer to

the principal strain axis. The principal strain angle ¢ is equal to — 6.

A o~ e

The conditions checked are:

L.

(a) ife; > (g2 +€3)/ 2, then dpqg = dp

(b) ife; <(e2+€3)/ 2, then dp g =g
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(c) ife, =(e2+€3)/2,and g3 < g, then Pppq = dp = - 45 degrees
(d) ife; =(e2+€3)/2,and €3> €, then dpq = ¢pp =+ 45 degrees

(e) ifg; =€, =¢3, then dp g 1s indeterminate (equal biaxial strain)

J Display data on front panel. Three waveform graphs display time history direct
comparisons of extensometer and rosette grid strains (one graph for each grid).
Display of principal strain magnitudes and their direction is also done with

waveform graphs.

. Save processed data to file for subsequent processing with header information.
. Save raw voltage (pre-processed) data to separate file for subsequent processing if
necessary.

3.3.3 Assumptions in Data Analysis
The assumptions made in the data reduction algorithms for the capacitive extensometer
designs are: |
1.) The pins dd not deform. They can move (translate and rotate) but remain
rigid.
2.) When calculating strain at some plane within the specimen, the strain
gradients along the pin axis are assumed to be linear.
3.) The displacement measured from the capacitive probe is a result of a change
in plate separation (probe from target), not transverse motion.
4.) The strain transformation relationships used for a 60-degree rosette assume a

planar state of strain.
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5.) The material is assumed to be isotropic and homogeneous.

The first assumption, that the pins do not deform, is reasonable given that they are not
restrained externally — a benefit of using non-contact sensors in the design. This
assumption, along with assumption #2, is necessary to allow estimation of strain within
the bone. Considering the absence of any external loading, it is not likely that the pins
would deform within the body of the specimen. If there were some external loading on
the pins, this assumption would not be valid. For example, experience with instrumented
pedicle screws in the spine has shown that bending moments are present within the screw
when the spine is loaded axially. Bending moments are at a maximum near thg screw
hub, and decrease non-linearly toward the screw tip (Yerby, et. al., 1997). These bending
moments would tend to cause the pedicle screw to deform. However, pedicle screws are
designed to carry loads applied externally through a fixation rod, which is not the case
here, where the ends of the pins making up the extensometer are allowed to move about

freely, and no external loading is applied.

Strain gradients in the specimen are assumed to be linear. Gradients within the gage
length of the device tend to be averaged, which is not different from the principle of
operation of commercially available extensometers or strain gages. Strain gradients that
may occur along the pin axis direction are assumed to be linear, since sensor pairs are

used to calculate strain at a new plane not contained within the measurement planes.

Assumption #3 relates to sensitivity to transverse movement of the sensor relative to its

target, which, as mentioned previously, is minimized by making the target diameter
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oversized relative to the sensor. As such, only displacements perpendicular to the probe
face are sensed. This design feature is analogous to a uniaxial strain gage measurement
where transverse sensitivity of the gage is neglected. Assumptions #4 and 5 are

simplifying assumptions.

3.3.4 Four-Point Bending Test Procedure

The experimental procedures for four-point bending tests of the axial and delta
extensometers were very similar, although different specimen sizes and four-point
bending jigs were used, due to differences in the size of the extensometers. For both
extensometer designs, the test objectives were to perform static and dynamic tests in four-
point bending, and compare the output of the extensometers to a “standard” measurement
obtained from bonded resistance type strain éages mounted to the specimen surface. The
setup checklist involved recording geometric constants of the system; gage length (GL)
measured between pin centerlines, distance between probe centerlines (AB) and distance
from outboard sensor centerline to specimen surface (SB). For the delta extensometer
tests, three gage lengths and three AB distances were measured, one for each “grid”
direction. Measurement of these geometric parameters was accomplished via an Olympus
microscope with an X-Y stage. The geometric parameters were input manually into the
data acquisition program, used by the program data reduction routines, and stored as part

of the processed data file headers.

Next, with the specimen unloaded but placed within the four-point bending jig, the strain

gage amplifier bridges were balanced and the gain was set to the appropriate value




corresponding to the gage factor of the strain gage grid elements (see Appendix B for the
bridge balancing / gain adjust procedure). The signal gain on the amplifiers (8300 XWB,
Preston Scientific, Anaheim, CA) was set to 10 initially to maximize signal in the A/D
converter voltage range, and the lowpass filters were set to cutoff frequency of 100 Hz
for the strain gage and extensometer channels. For the high strain ranges (approximately

3,000 ue and above, the gain setting was decreased to 5).

Prior to loading the specimen, zero readings were recorded. The specimen was then
loaded statically in increments up to a nominal strain range (approximately 1,000 ug) to
check agreement between strain gage and extensometer outputs. These static evaluations
were useful for checking proper function of the data acquisition and reduction program.
An additional value was realized in discovering that the gage length as measured between
pin centerlines provided better agreement between extensometer énd strain gage signals

than gage length as measured from pin outside surface to outside surface.

Between each loading trial (both for static and dynamic trials) the strain gage bridge was
balanced. Prior to loading the specimen, the data acquisition program also captured zero
readings from the extensometer, which were used later in the strain calculation

algorithms.

Sinusoidal and square wave dynamic loading profiles were performed over a range of
preloads and peak to peak loads (or displacements) at a range of frequencies covering 1, 5

10, 15, 19, and 20 Hz. Several of the test conditions were repeated for later comparison.




Of interest was not the stress/strain characteristics of the acrylic specimen, deflections, or

input loads (loads and deflections were not recorded for the delta extensometer four-point
bending tests because of available channels), but rather the strain output (magnitudes,
rates, and frequencies) measured by the strain gage as compared to the extensometer
calculated strain. Summaries of all test conditions performed are presented in tabﬁlar

form in Appendix A.

3.4 Supporting Experiments»

Three experiments were conducted in addition to the dynamic four-point bending tests to
further evaiuate extensometer performance; i.) experimental verification of principal
strain angle, ¢; ii.) dynamic characterization of axial extensometer; and iii.) probe angle
sensitivity. These tests were separate from the four-point bending evaluations, but were
necessary to augment the understanding of the performance characteristics of the

extensometers.

3.4.1 Experimental Verification of Principal Strain Angle, ¢

For thve delta extensometer, an important and unique capability is measurement of ¢,
principal strain angle. The fouf—point bending tests allowed a comparison to be made of
strain magnitudes and rates in the test spgcimen, but ¢ was kept constant at — 22.5
degrees. As such, this part of the data reduction algorithms was not able to be rigorously
tested. To verify that the delta extensometer could be used to determine ¢ properly prior
to being used in a complex strain environment such as the calcaneus, an additional test

specimen (Fig 3.15) was made which would allow the principal strain angle to be input at



varying, but known, directions. The test specimen was made of Renshape ™ , a manmade

material that machines similar to wood but which has no grain, and allowed the delta

extensometer to be exposed to three arbitrary bending directions.

Figure 3.15. Renshape ™ specimen photographs. Test specimen was built to test proper

data acquisition and reduction program calculation of principal strain angle, §.

The Renshape™ specimen had three slots cut into the bottom surface at 50, 90 and 120
degrees (Fig. 3.16). To bend the specimen, three corresponding pockets offset at +/-90
degrees from each slot were drilled into the sides of the specimen such that rods could be
inserted into opposing pockets and the specimen deformed along each of the specified
angles as determined by the slots. The bending rods helped to increase the bending
moment applied to the specimen such that the assembly could be deformed manually in
tension or compression. The specimen alsko' allowed a qualitative check of pin angle

calculations (magnitude and sense).
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Figure 3.16. Schematic of Renshape ™ specimen built to test proper data acquisition and

reduction program calculation of principal strain angle, ¢.

3.4.2 Dynamic Characterization of Axial Extensometer

One of the obstacles to using an extensometer in a system that is not only undergoing
deformation but is translating through space, as with the end of a moving limb, 1s that
artifacts might be introduced into the strain measurement because the sensor itself has a
certain mass. As such, the extensometer designs were kept as small and lightweight as
possible. To make a fair comparison between the extensometers designed in this study
and commercially available devices, such as the MTS extensometer described earlier and

used in the cadaver foot studies, the dynamic performance of the capacitive extensometer



system was evaluated as described in ASTM E-83, 1996. A “single moving anvil” test
was conducted (Fig. 3.17), which, as stated in the ASTM standard should be performed
for new extensometer designs. In this test, the extensometer is mounted to a specimen, or
single moving anvil, that has a frequency and amplitude input, but is not itself strained.
The ideal outcome of this test is zero device output over the performance range of

interest.

For this test, the acrylic specimen with axial extensometer was fitted with a stud at one
end and rgounted to the materials test machine actuator (Instron Corp., Canton, MA, with
up to 500 Hz actuation capability), and frequency and amplitude input were varied over a
range from 5 Hz up to 500 Hz and 0.076 mm displacement (actual) peak-to-peak. The
displacement of 0.076 mm corresponds to approximately 6000 ue, which would be a
typical upper limit of strain measurement for the device. A frequency of S00 Hz was the
upper limit of the materials test equipment. The specimen itself was not loaded. Signal
conditioning amplifiers pfovided ﬁl#ering with cutoff frequency (F. = 3.5 kHz). The
sampling rate wés increased to 10 kHz. In Figure 3.17, the extensometer was configured
as the capacitive axial extensometer, and the single moving anvil was the acrylic

specimen, fastened to the materials test machine actuator.
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Figure 3.17. Extensometer on a single moving anvil. (Adapted from ASTM E-83).

3.4.3 Probe Angle Sensitivity

Because the operation of the capacitive extensometers in a bending specirﬁen necessarily
involves pins to become non-parallel, as would result in a bending specimen, an
additional test was designed to determine if error was introduced into the strain
measurement as a result of the plates of the capacitor becoming non parallel, and possibly
reporting a false displacement. The probe angle sensitivity test was performed to quantify
the effect of “pooling” of the electrostatic field within the dielectric volume between the
plates of the capacitor that occurs when the probe and target become non-parallel.

Pooling is a function of probe angle, and will effectively shift the measured centerline
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Figure 3.18. The separation of capacitive plates as measured at the probe centerline will
shift as a result of “pooling” of the electrostatic field when plates of a capacitor that are

(a.) initially parallel become (b.) non-parallel.

distance between sensor and target towards their closer edges (Fig. 3.18). It is important
that centerline distance between probe énd target is measured, as this distance is assumed
in the strain calculations (distance AB). If the probe and target become non-parallel, the
distance measured between them may be offset from the centerline, which would in tum
affect the measured strain, possibly significantly. It can be shown that from the

differential output from two probes mounted firmly to pins that do not themselves
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Figure 3.19. Probe angle sensitivity test configuration. The HPB-40 button probe shown

in the sketch was used in the axial extensometer.

undergo deformation, that pin angle will always be known (this argument is developed in
Section 6.4 of this thesis). It is assumed that the amount of offset is a function of angle

only, that is, the offset due to pooling is not unique to each probe, which is a reasonable

assumption.




To conduct the test, the target side of the extensometer was mounted to a rotary table

with Vemier scale (Model U-9, Troyke Manufacturing, Cincinnati, OH), and the sensor
side (HPB-40 sensor, Capacitec, Inc.) to a height gage with Vernier scale (Fig. 3.19). The

rotary table was adapted with a machined plug, which accepted the pin, and allowed the

- target to mount in the exact center of rotation of the rotary table (Fig. 3.20).

The test was conducted in the inspecﬁon laboratory at NASA Glenn which is a
temperature contrplled environment and ideal for conducting such a test where data are
recorded over a period of hours, such that thermal expansion of target or probe base will
not affect the measurements. On a level surface, the air gap was set at a nominal distance
with the height gage, and the target rotated incrementally thorough a series of angles,
from -5 to 5 degréés in 0.33-degree increments. Since the plane of the target face was
aligned with the center of rotation of the table, any output from the probve was due to
probe angle_: only. Isolatio.n of rotary motion from linear was a crucial aspect of the test, as
measurements obtained from changes in probe linear displacement combined with
changes in angle would not be able to be decomposed later. Steady-state probe output
was measured on a precision voltmeter (34401 A Hewlett-Packard, Loveland, CO). After
an equipment warm up period of 2 hours, three trials were performed and voltmeter
output recorded. Since the probe sensitivity is assumed to be a function of angle only, and

not unique to each probe, the characteristic output was applied to both the axial and delta

extensometer.
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Figure 3.20. (a) Rotary table and Vernier height gage, (b) close-up of probe and target

3.5 In Vivo Strain Measurement with the Delta Extensometer

The author was given the opportunity to test the delta extensometer in vivo in a human
subject, conditional upon the four-point bending tests and subsequent data processing
proving the extensometer able to measure strain accurately at the surface of the acrylic
specimen in four-point bending. The ir vivo test was not an original objective of this
study, however, and only selected data are presented here (see Chapter 4. Results, and

Appendix A for additional data).

3.5.1 In Vivo Test Procedure

For the in vivo test, one male subject (age = 39 yts., height = 184 cm, weight = 82 kg)
gave written informed consent to participate in the experimental protocol, which was
approved by the Internal Review Board at the Cleveland Clinic Foundation. An

orthopedic surgeon implanted three stainless steel intraosseus pins (K-wire, trochar tip,




and 1.57 mm diameter) approximately halfway through the lateral side of the left
calcaneus under sterile conditions, local anesthesia, and prophylactic oral antibiotic
therapy (Fig. 3.21). A custom drill and placement jig was used along with fluoroscopy to

guide the placement of the pins to a centerline distance of 7.1 mm gage length.

Figure 3.21. Orthopedic surgeon shown implanting stainless steel pin (K-wire) into
lateral aspect of left calcaneus under local anesthesia and sterile conditions. Drilling jig

is shown in surgeon’s left hand.

Two of the pins (forming the grid 1, or reference grid, direction) were aligned along the
primary trajectory of the calcaneal trabeculae (Fig. 3.22). After implantation, the subject

walked back to the laboratory where the acrylic bodies with capacitive sensors and target




surfaces were attached to the protruding ends of the pins. One pin required a slight bend

to bring pins to parallel, and air gaps were set to nominal by use of copper shims between

the pins and placed within the through holes in the acrylic bodies of the extensometer.

Figure 3.22. Fluoroscopic image a.) of left calcaneus (lateral view) of subject with three
intraosseus pins implanted. The two lower pins form the grid | direction (reference grid),
which were aligned with the principal orientation of the trabeculae with the aid of a
fluoroscope. Pins protrude toward the observer (out of the page). The three grid
directions are defined in b.), with grid I oriented at 25 degrees from horizontal with

subject standing quietly with weight on both feet.

EMQG electrodes were placed on the gastrocnemius and anterior tibialis. Force plate data,

which provided a measﬁre of the vertical force component beneath the treadmill belt,




were also collected. Figure 3.23 shows the instrumentation and channel configuration.

Video recordings at 30 frames per second were made of the activities for later use.

GASTROC EMG
=0

TIBIALIS ANT, EMG

CH. @

DELTA EXTENS.
-

VERTICAL FORCE VERTICAL FORCE
(FRNT.) CH. @ (REAR) CH. @

Figure 3.23. Instrumentation and channel configuration for the in vivo study. The force

plates were mounted underneath the treadmill belt.

After the lead connectors were attached to the subject and strain relief provided with
athletic tape, the subject was asked to load the left foot by standing and performing
various movements, while raw voltage signals from the extensometer were continuously
monitored. The voltages recorded were large enough in magnitude to require a reduction:
in the gain settings on the amplifiers to a gain of one (1). The “zero” position was defined

as the foot suspended in a neutral position with the subject sitting quietly. Data for the




zero position were captured prior to data collection for each trial (Fig. 3.24). After zero
readings were recorded, the subject performed non-weightbearing and weightbearing

activities, including quiet standing, standing up on toes, walking at 5 km/hr on a

treadmill, bouncing on one foot, jumping, and running at 11 km/hr on a treadmill.

Figure 3.24. a.) Subject demonstrates the “zero” position with foot unloaded. Subject
held leg up with hands underneath left knee to support the weight of the leg, and b.)

close-up view of same.

3.6 Summary

This chapter described the experiments that were devised to test the unique capabilities
and limitations of two new extensometer designs. Dynamic four-point bending tests, with
bonded metal foil strain gages mounted to the test specimens as comparisons, were
chosen as the best evaluation of the extensometers capabilities to measure physiological
levels and rates of strain. Consideration was given for the modulus of bone, the
physiological strain environment associated with osteogenesis, and the type of loading

that bone experiences (i.e., bending) prior to the conducting the experiments. The data




collection and analysis routines required for conversion of probe output to meaningful
strain time histories were summarized in this chapter. Consideration was also given to the
unique characteristics of the extensometers which might affect measurement accuracy;
principal strain angle determination, how the extensometer responds to high frequency
perturbations, and the sensitivity of the capacitive probes to angle between probe face and
target. Finally, after confidence was gained with the extensometer system operation, the
delta extensometer was used to collect in vivo strain data; a first-ever attempt at
measuring principal strain magnitude and direction in the complex strain environment of

the human calcaneus.




CHAPTER 4

RESULTS

4.1 Four-Point Bending Test with the Axial Extensometer

Comparisons were made between the axial extensometer calculated strain and measured
strain obtained from an axial strain gage bonded to the surface of the four-point bend
specimen. The axial extensometeér calculated strain at the surface tracked strgin gage
response to sinusoidal and square wave inputs up to 20 Hz and a maximum strain rate of
90,900 pefsec in four-péint bending with mean differences between strain gage and
extensometer output ranging to -15.3 pe, corresponding to a 2.6 % mean error for that
condition which was a 20 Hz sinusoid, with input strain range from 294 to 585 pne.
Pearson’s correlation coefficient (r) ranged between 0.966 (for a 20 Hz sinusoidal
condition) to 0.999 (for a 1 Hz sinusoidal condition). Figure 4.1 shows a representative
time history for the 1 Hz loading condition. A summary of the correlation coefficient as a
function of loading frequency is presented in Figure 42 Maximum absolute strains
ranged up to 1,500 pe. The compiled test data and statistical summary are presented in

their entirety in Appendix A.

The effective resolution of the extensometer (as determined at the specimen surface) was
improved by about 50% by oversampling the signal and averaging. The sampling
frequency was 5,000 Hz, and averages of every 10 points were taken and plotted as single

points.
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Figure 4.1. a.) Example sinusoidal strain time history shows comparison between

measured strain gage output and calculated extensometer output in four-point bending.

Sinusoidal load input at 1 Hz, sample time is | second; and b.) first 100 samples of same.
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Figure 4.2. Pearson’s correlation coefficient (r ) decreases as loading frequency input to

the acrylic specimen increases, but remains above 0.96 for the entire test regime

performed. Plotted for the axial extensometer.




One of the characteristics of testing with an acrylic specimen was the tendency for the
specimen to not return to a state of zero strain for several minutes after being unloaded -
a viscoelastic phenomonon. As a result, the strain gage bridge was balanced between
trials. This was not done for the extensometer signal conditioner (offset adjust), as the
extensometer initial output with no load was captured in the data acquisition program

prior to each trial.

4.2 Four-Point Bending Test with the Delta Extensometer

For the delta extensometer, the calculated strain at the surface of the acrylic validation
specimen tracked strain gage response to sinusoidal and square wave inputs up to 20 Hz
and a maximum strain rate of 50,000 pe/sec in four-point bending with the maximum
mean percent error between extensometer and strain gage output ranging up to 15.1 %
(measured as a % of maximum strain for that trial, not as a % of full scale), or 434 ne out
of 2,868 ue. This error was experienced by grid 3 during a sinusoidal loading input, with
strain for that grid ranging from 1,165 to 2,868 ue. The correlation coefficient (r) ranged
betwgen 0.711 (for a 20 Hz sinusoidal condition) to 0.9996 (for a 1 Hz sinusoidal
condition.) Square wave loading inputs produced correlation coefficients ranging from
0.990 to 0.999. Figure 4.3 summarizes the range of correlation coefficients as a function
of loading frequency. The statistical summary is presented in its entirety in tabular form

in Appendix A.




The mean and maximum errors (in pg) encountered between any grid on the strain gage

rosette and the delta extensometer were tabulated and plotted in Figure 4.4.
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Figure 4.3. Pearson’s correlation coefficient (r ) versus loading frequency input to the

acrylic specimen. Plotted for all grid directions for the delta extensometer.
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Figure 4.4. a.) Mean differences between rosette and delta extensometer during all trials

of dynamic four-point bending tests, and b.) absolute values of maximum differences for

same.




Of note is the fact that, if these errors are considered as a percentage of the full-scale
(F.S.) range of the extensometer (+/- 71,000 peg), an error range of

112.0 - (-220.1) =332.1 pe (see Table 4.1) is approximately 0.002% F.S. error. A
statistical summary for the output of each grid direction for all of the loading trials is

presented in Appendix A. The range of statistical values are summarized and presented in

Table 4.1.

Table 4.1. Summary of statistical results from the delta extensometer four-point bending

tests showing maximum and minimum values for the statistical variables considered.

sMean DiffsgMean e ErronrBearsons EMaxsDiftysgMaxia EromaiSidsDev s

() maxstrainy (R Cematstan S

Max 112.0 11.6 1.0 434.2 19.5 95.8
Min -220.1 -7.7 0.7 34.2 -14.5 9.6

4.3 Supporting Experiments Results

4.3.1 Experimental Verification of Principal Strain Angle, ¢
The Renshape™ specimen provided valuable information regarding the calculation of the
principal strain angle, ¢, and its relationship to the physical specimen and bending

directions. With this specimen, the bending directions were known and could be




compared to the calculated output. Since there are several conditions checked for

determining whether ¢ is measured to the principal maximum (¢p) or minimum (¢q)
strain axis, this test allowed confidence to be gained in the data reduction program

routines.

For a 50-degree bend orientation (bending rods placed in the 140-degree pockets, refer to
Figure 3.16), for example, Figure 4.5 shows the results where the specimen was
deformed in compression three times during the data collection period (Fig. 4.5a), then in
tension (Fig. 4.5b). The reference grid direction (grid 1) was approximately aligned with
the 120 degree axis, and the ¢ calculation indicated ¢q was + 22 degrees (measured from
grid 1 to the principal axis), which' is a 2 degree variation from the expected value, due to
the delta extensometer not being perfectly aligned. This value of +22 degrees could be
readily verified from the physical specimen configuration. Likewise, during tensile
bends, the ¢p was calculated to be + 24 degrees, again agreeing with the physical setup.
Of note is that the principal axis changes from min ($q) to max (¢p) when the sense of
bend (tensile or compressive) changes, even though bend direction (a function of the
position of Vr_odsb m the specimen) has remained the same. This exercise was repeated for

all three bending directions for which the specimen was designed.
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Figure 4.5. Representative time histories for manual deformation of Renshape™

specimen, and associated calculations of principal strains and their direction for a single

sample obtained from delita extensometer output.

4.3.2 Dynamic Characterization of Axial Extensometer

The frequency response test yielded zero extensometer output within the resolution of the

sensors over the range of frequency and amplitude inputs, up to 500 Hz, demonstrating its

ability to measure strains at high frequencies without introducing experimental artifact.

Caution must be taken in interpreting these results, however, as this is valid for a

specimen undergoing displacements on the order of the deformation expected in a loaded

specimen. If the specimen is not fixed in a loading apparatus, artifact may be introduced



due to the inertial properties of the extensometer. This should be a concern when

measuring especially “jerky” motions, as in jumping. This frequency response
characterization is aimed more at making a fair comparison between the capacitive
extensometers described and commercially available extensometers, which generally
weigh more and aré useable over a lower range of frequencies. For example, an MTS
model 632.13E-20 which weighs 27 grams (compafed to 8 grams for the axial
extensometer) and has a maximum operating frequency of 40 Hz, which is possible only

at small displacements (MTS Systems Corporation Product Manual, 1994).

4.3.3 Probe Angle Sensitivity Test

The probe angle sensitivity test was performed with a button probe to quantify the
amount of error that could be encountered in determining displacement when the probe
and target become non-parallel. Data were fit with a second order polynomial fit, yielding
a general equation in the form y = f(x) in the shape of a parabola, shifted from the origin
by some amount (X,y). The equation dy/dx = 0 was found to solve for the amount of x
shift, then solved for y, to bring the point of zero slope back to the origin. This step was
necessary because the probe and target were not initially parallel, due to slight variations
in the thickness of cyanoacrylate adhesive underneath the probe. Problems were not
encountered however, because the range of angles from +/- 5 degrees was able to be
evaluated by including angles slightly beyond this range in the test procedure. After
performing this shift in the parabola, the following relationship (Fig. 4.6) between probe

output and angle was obtained (R* = 0.9971);



output = - 0.0022(angle) * + (0.00006)(angle) (4.1)
where:
output = probe voltage output (VDC) due to pooling error

angle = angle measured between probe face and target face (degrees)

The actual probe half angles measured during the dynamic 4-point bending tests ranged
up to 0.1 degree. Substituting 2 times the half angle, or 0.2 into equation (1), the output
becomes -0.032 mV and yields a maximum pooling error of — 3.2 X10® mm,
corresponding to 0.26 ue over a 12.7 mm gage length (axial extensometer), or 0.45 ue
o{/er a 7.1 mm gage length (delta extensometer). An error of this magnitude is well within
the resolution of the device (by two orders of maghitude), and considered negligible.
During the in vivo study, a maximum pin half angle of 0.65 degree was measured (in the
grid 1 direction, during running), which yields a pooling error of 25.4 pe. This error is
still within the resolution of the sensors (+/- 14.3 ug, or 28.6 ue ). The relationship
expressed in equation (4.1) could be used to make.corr"ections in strain calculations if

probe angle were to become large.
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Figure 4.6. Probe angle sensitivity test results. Probe output in VDC is plotted versus
angle between probe and target. Three series, or test trials are shown, and curve fit with

a polynomial.

4.4 In Vivo Test Results

The in vivo data collected with the delta extensometer provided unique insights into the
strain environment in the calcaneus during weightbearing activities. In addition to the
strain data from the extensometer, providing three “grid” directions of strain

measurements at the bone surface, EMG data from the tibialis anterior and gastrocnemius




muscles were recorded, as well as vertical force data. Videotape at 30 frames per second
from selected trials was digitized for later comparison with the recorded data time
histories. The purpose of the video was to provide a qualitative record of the movement
throughout the activities performed. A LED was programmed to illuminate during the
data acquisition so as to be able to provide a time marker in the video, however the LED

malfunctioned after approximately the first quarter of the trials were collected.

4.4.1 In Vivo Geometry

What becgme immediately apparent during set up of the instrumentation prior to data
collection was that the DC voltage signal recorded from the extensometer was very
strong, and voltages were much higher than those recorded in either of the four-point
bending tests. The gain on the signal conditioners was set back to 1 (gain for four-point
bending tests had been at 10 and § for the high strain conditions, up to 5,000 pe). There
could be two reasons for this: a.) the deformation in the calcaneus during weightbearing
was greater than the deformations encountered in the acrylic specimens; and b.) the
geometry of the system (i.e., the distance from outboard sensor centerline to bone
surface, SB) was different, which was indeed the case. During data collection, a “best
guess” distance SB was used in the data acquisition program, as this information was
obtained later from examination of the fluoroscopic images captured in the operating
room. One fluoroscopic image was used to determine the distance from outboard sensor

centerlines to bone surface, SB. This image is reproduced in Figure 4.7.




Figure 4.7. Fluoroscopic image of calcaneus (posterior view) used to determine distance
Jfrom the outside of the foot to the surface of the bone. The intraosseus pins and drilling

Jig are visible to the right of the image.

To establish an image scale, landmarks of known size were needed in the image. The
drilling jig would have been an ideal landmark because of its relatively large size, but the
image unfortunately did not include an entire side of the jig to use for scale, nor was there
assurance that the jig would be square with the image plane, thus eliminating parallax.

Therefore, the pins were selected as landmarks, and more specifically, their diameter.

The pin diameter as measured on the image was 1.9 mm, and in actuality the pins
measure 1.57 mm in diameter. This scaling ratio from fluoroscopic image to actual size,

1.9/1.57=1.21, or 121 %, was used to determine the length of the pin inserted into the




calcaneus, which was 9.9 mm. The distance from skin surface to pin ends was measured
with hand held calipers placed next to the extensometer while it was mounted in the
subject’s calcaneus (the average value was determined to be 33.9 mm). The pin lengths
were measured with hand held calipers after removal from the subject (average pin length
=60.2 mm). Tgble 4.2 presents the measured values for the delta extensometer geometric

parameters.

Table 4.2. Measured values (mm) relating to system geometry for delta extensometer in

human subject. Hand held calipers used to obtain measurements.

Pin lengths, from exposed tip to skin surface 339 336 342 339

Distance from exposed tip to top of acrylic 13.8 134 138 137
Actual pin length (after removal) 61.0 602 594 60.2
* Distance between probe centerlines (AB) 16.3 163 159 NA

* Measured prior to experiment with Olympus microscope with x-y stage.

From the measured values obtained from the fluoroscopic image and hand held calipers
on the subject, the value for SB was determined to be 35.8 mm (Fig. 4.8). A value 0of 27.9
was used in the data acquisition and reduction program during data collection. The data

reduction program provided presentations of strain time histories during data collection,



however, in general, the strain magnitudes displayed were larger than expected. After

post- processing the data with new values for SB, the strain magnitudes were still larger
than expected (up to 50,000 pe for one running trial), and the strain magnitudes are
therefore not presented here. More discussion regarding the results and sources of error
for the in vivo experiment can be found in Chapter 5, Discussion. Figure 4.9 shows a
model of the extensometer in a calcaneus in the approximét‘e configuration as was used in

the in vivo study.
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Figure 4.8. Schematic of values measured on human subject. Calcaneus is shown in
posterior view, with subject lying on side. One acrylic body with a sensor pair, separated
by distance AB is shown on one pin. Values shown are the average of the 3 assemblies

that make up the delta extensometer system.
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Figure 4.9. A model of the calcaneus with a model of the delta extensometer, mounted in

the approximate position as was done for the in vivo study.

4.4.2 In Vivo Principal Strain for Standing and Walking in a Human
If the absolute strain magnitudes in the in vivo data were suspect, the relative

contributions of strain measured in the three grid directions can still be considered valid.
The value of 9, pﬁncipal strain angle, does not depend on absolute magnitudes of strain
values €1, €2, and €3, (which are directly correlated with the distances SB, and GL) but
rather their relative values, making the parameter ¢ a reportable value. From the in vivo
data, two trials were selected for processing and determination of ¢; standing quietly with
weight on both feet, because of the relative simplicity of the loading, and walking on a
treadmill at 5 km/hr, because of the fact that a weight bearing phase exists that might be
compared with the standing trial. For standing with weight on both feet, principal

compressive strain angle, ¢q, at the surface of the lateral aspect of the calcaneus was



measured as 141.6 +/- 0.8 degrees (n of trials = 1, duration = 1 second) from the

horizontal or X-axis (Fig. 4.12a.).

X-axis

Figure 4.10. a.) Schematic drawing of the left calcaneus (lateral view) of human subject
showing the definition of principal compressive (Ec) and tensile (Et) strain angles (bold
arrows) for subject standing quietly with weight on both feet. Radiographic image b.) of a

human calcaneus showing the orientation of trabeculae in sagittal view.

In Figure 4.10 a.), the X-axis is defined as parallel with the floor when the subject was
standing quietly with weight on both feet. The principal strain angle, ¢q, determines the
orientation of the Ec (principal compressive) axis (141.6 +/- 0.8 degrees) and thé Et
(principal tensile) axis is orthogonal with Ec. This diagram was modeled after Biewener,

et. al., (1996).



For the human subject instrumented with the delta extensometer, walking at 5 km/hr on a
’treadmill produced a range of principal compressive strain angles (n of trials = 1, duration
=3 seconds) from 130 to 170 degrees from the X-axis (Figure 4.11). The stance phase of
this gait cycle produced a range of angles from 142 to 149 degrees. Pin angles during
walking for the grid 1 pair ranged from 0 to + 0.01 degree, indicating that a tensile bend
along this direction occurred during loading. The grid 1 pair was oriented in the

calcaneus at 155 degrees from the positive X-axis.

X-axis

Figure 4.11. The stance and swing phases of walking on a treadmill at 5 km/hr produced

a range of principal compressive strain angles from 130 to 170 degrees.

Figure 4.12 presents the principal maximum and minimum strain magnitude data during
walking on a treadmill at 5 km/hr on a time history plot of the vertical force for a

comparison of “loading” (stance) and “unloading” (swing) phases of gait.
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Figure 4.12. In vivo principal strain magnitude in the calcaneus of a human walking on a
treadmill at 5 km/hr overlaid on vertical force. Trial duration is 3 seconds. Note that only
the left foot is instrumentedv with the delta extensometer, and as such the principal strain
pattern follows every other peak in vertical force. Vertical force was captured for both

left and right foot.

From the principal strain angle and relative magnitude time histories obtained with the

delta extensometer in the human subject in vivo, a composite drawing of stance phase of




gait during walking, presented with still images from the video (every third frame is

shown, spaced at 0.1 second intervals), was produced and is presented in Figure 4.13.

Q| -1600_ME
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Figure 4.13. Principal strain magnitude and direction as it changes throughout the
stance phase of gait. Video frames are taken at every 0.1second during walking at 5

km/hr on a treadmill.




In Figure 4.13, the principal compressive strain axis is shown as a vector consisting of
both magnitude and angle information obtained from the in vivo data. The principal
compressive strain vector is overlaid on a drawing of the calcaneus in side view (obtained
from a generic anatomy text, not an image of the subject), with the minimum strain
magnitude during this period, at toe off which 6ccurs in the last frame, defining the
diameter of a circle upon which the data in the rest of the frames are referenced for a
relative comparison of magnitude. The principal compressive and tensile strain

magnitude and principal angle (¢q) for each frame in the sequence is presented above the

video still images.

Approximately four months after the in vivo study, a series of MRI images were taken of
the subjects left foot, reproduced in Figure 4.14. The individual images represent sagittal
cuts through the foot at 2 mm intervals. The areas where intraosseus pins were implanted
for the study are still clearly visible, especially in frames 3, 4, and 5. One of the reasons
for obtaining MRI images was to have a direct comparison of pin orientation with
trabecular orientation in the subject. However, as can be seen in Figure 4.14, the
trabeculae ére not readily discemable in the image because the relative size of the

trabeculae are on the order of the resolution of the image (1 mm).




Figure 4.14 Sagittal MRI views of subject taken at approximately four months post-test.
Each image separated by 2 mm; moving laterally from images 1 through 8 (image 1 is

most medial).




4.5 Summary

This chapter presented results for validation tests performed with the extensometer
designs mounted in acrylic specimens in four-point bending, supporting experiments
results, and results from an in vivo study whereby strain was measured in a human
calcaneus. The dynamic four-point bending tests compared the extensometer outputs to
bonded strain gages for a direct validation of the extensometers’ measurement accuracy.
Pearson’s correlation coefficient was us_ed as a measure of how well the data compared,
along with the maximum and mean differences between the two strain measurement
techniques. The supporting experimeﬁts augmented the validation tests in terms of
providing data useful for practical use of the extensometers, and for gaining co.nﬁdence in
the data reduction routines necessary for calculating principal strain angle. Finally,
selected results from the in vivo study performed in a human calcaneus were presented,
with emphasis placed on data from standing quietly with weight on both feet, and

walking on a treadmill.




CHAPTER 5

EXPERIMENTAL UNCERTAINTY AND ERROR

5.1 Overview

An uncertainty analysis was performed to establish the level of uncertainty in the strain
calculations made with the extensometers as a function of the individual uncertainties of
the measured parameters that are used in the extensometer strain calculation equation.
The uncertainty analysis did not include uncertainties in all signal conditioning
equipment, digitizing errors in the data acquisition equipment, or errors associated with
particular simplifying assumptions. An advantage of performing the uncertainty analysis
is that the relative sensitivity of the strain calculation to individual uncertainties could be
explored. Experimental error is discussed primarily in terms of the in vivo data, as these
data were unique and were not able to be compared directly with strain gage output as

was possible with the dynamic four-point bending tests.

5.2 Uncertainty Analysis

In general, if a set of measurements has been made and these measurements are then used
to calculate some desired result of the experiments, the uncertainty in the calculated result
can be estimated on the basis of the uncertainties in the primary measurements. The result

R is a given function of the independent variables x, X3, X3, ..., Xo. Then,

R=R(x,x,,%;,...,Xx,)




Equation (5.1) was derived as this R or “result” for calculation of surface strain in

Chapter 3: Methods (eqn. 3.9):

R=gg= 2y _ 2(SB)y s + 2(8B)Y 4 -1 (eqn. 5.1)
GL (4AB)GL (4B)GL

Let wg be the uncertainty in the result and wy, w, ..., w, be the uncertainties in the
independent variables. If the uncertainties in the independent variables are all given with

the same odds, as is assumed here, then the uncertainty in the result is (Holman, 1976) .:

2 2 2 /2 |
wo= PR, | fOR | L. [OR, (eqn. 5.2)
e ) ey o " >

Finding the partial differentials of equation (5.1), we see that;

8R _ 2(SB)

- . | 5.3
BAB (AB)ZGL (yBl yAx) . (eqn )

OR 2

5SB_(AB) GL(.VA:'"YB:‘) (eqn. 5.4)
_@_z_z_[l_@} (can. 5.3)
s GL| (4B)

OR _ 2(SB) (eqn. 5.6)

&, (AB)GL




OR _ 2yg + 2(5B)y _ 2(SB)y 4 (eqn. 5.7)
8GL  (GL)'  AB(GL)® AB(GL)’ -

A spreadsheet was written to calculate uncertainty in the strain calculation. The program
accepts input for the individual geometric constants (AB, SB, and GL), measured

geometric values (va;, ¥si), and their associated uncertainties (Fig. 5.1).

UNCERTAINTY ANALYSIS

Strain equation for paired capacitors: €s = T e e

SN Uncadtainty! Analy sis: Paramaetars ik

& Unceniaintes in;measured values

Name mm inch
wAB " -0.1° 0.003837 RAB 0.03628 dR/dAB
wSsB .1 0.03937 RS8 -0.033326 dR/dS8
wybi 0.000203 0.000008 Rybi -0.633193 dR/dybi
wyai 0.000203 0.000008 Ryai 7.77605 dR/dyai
wGL 0.15 0.005906 RGL -0.714286 dR/GL

Uncertainty in strain calculation:

wR 9.76958E-06

strain 3.48914E-05

[ne = 34.89] 4—— uncertainty

Use either Axial or Deita Extensometer Constants in the "Geometric Constants” field

Name in Name in

AB 0.3269 AB 0.643
sSB 0.505 S8 0.7
ybi 0.028 ybi 0.028
yai 0.025 yai 0.025
GL 0.5 GL 0.28

Figure 5.1. Spreadsheet used to determine uncertainty in strain calculation and

sensitivity of uncertainty to individual measured variables.



The spreadsheet allowed for computation of the overall uncertainty in the calculated
strain, as well as quantification of how sensitive the computation was to errors in
particular measurements. With typical geometric values and associated uncertainties, the

uncertainty in the strain calculation for the delta extensometer configuration was

approximately 35 pe.

5.2.1 Determination of Uncertainties in Individual Measured Variables

In the example above (Fig. 5.1), the geometric constants are entered for the delta
extensometer as it would be mounted in the acrylic specimen. The uncertainty in
measured values is derived (estimated) from the device or method used in making the
various measurements of geometric constants. The first measured uncertainty wAB, or
distance between sensors, is given as 0.1 mm. This measurement is made with a
microscope with X-Y stage, which is calibrated by using hand held calipers. During the
calibration process of the X-Y stage, each measurement as viewed through the eyepiece
crosshairs must fall within a tolerance of +/- 0.01 mm from the actual distance given by
the caliper. An uncertainty of the caliper calibration and user error in aligning the
crosshairs with the feature of interest on the part, are combined to give an estimated
uncertainty for this measurement of 0.1 mm, which is an order of magnitude greater than

the value to which the X-Y stage is calibrated, and is a conservative estimate.

The second measured uncertainty, wSB, or distance from the outboard sensor to the
surface, is determined to be 1 mm. This measurement was also able to be made by using

the microscope with X-Y stage for the validation tests, because the specimen was small




and could be manipulated under the microscope. However, because the specimen is not
always small, and in the case of the in vivo study can only be determined by the use of
MR, fluoroscope, or other imaging technique, a larger uncertainty was assigned to this
particular measured variable. One millimeter is a typical resolution (pixel size) for a MRI

image.

The measured uncertainties associated with wya; and wyg; are determined directly from
the capacitor signal conditioning equipment. The resolution of the signal conditioners is
+/- 1 mV, which corresponds to a 0.0002032 mm error band (+/- 0.0001016 mm). This
resolution is presented as +/- 0.01% of full scale in the signal conditioning equipment
specifications from the manufacturer (Capacitec, Inc., Ayer, MA), and converted to
distance by using the engineering unit conversion for the linear calibration for the

particular sensors used in this experiment.

The uncertainty in gage length, or wGL, is given in the above example as 0.15 mm. This
is a conservative estimate for measurement with hand held calipers, given that there are
no bends placed in the intraosseus pins prior to assembly of the sensor bodies onto the
pins. In the case of the in vivo study, this uncertainty was determined to be more on the

order of 3 mm, as determined by inspection of the intraosseus pins upon removal from

the calcaneus.




5.2.2 Sensitivity of Overall Uncertainty Calculation to Measured Variables

The overall uncertainty will change when the uncertainties of individual measured
variables change, with varying degrees of sensitivity. For example, the overall
uncertainty is not very sensitive to changes in uncertainty of measured distance SB giving
only approximately 90 pe uncertainty for a 5 mm measurement error in SB, the distance
from outboard sensor to the surface plane. However, the uncertainty calculation is very
sensitive to gage length (GL), giving uncertainties on the order of 12,500 ue fora 3 mm

error in gage length measurement (Fig. 5.2).

Uncertainty sensitivity to GL error
wSB and wAB =0.1 mm

£ 14000
% 12000 *
9 10000
2 .
E 8000
> 6000 .
£ 4000
*
T 2000
b .
c 0 le * . - -
2

0 0.5 1 1.5 2 2.5 3 3.5
GL uncertainty (mm)

Figure 5.2. Uncertainty in gage length affects the calculated microstrain (ug) more

dramatically than other parameters.

This is useful information when considering how much effort should be placed on

accurate determination of the different measured variables used in the calculation of




strain, and in weighing the costs associated with using various measuring devices versus

the desired uncertainty in the calculations.

5.3 Effective Resolution of Extensometers

The probes (or sensors) used in the extensometer designs have a resolution associated
them which is a function of the amplifier resolution and the full scaie voltage
corresponding to the linear range over which they are calibrated. The amplifiers used
(4100-S, and 4100-SL, Capacitec, Inc.) specify a resolution of +/- 0.001 V (.002 V “step
size”, number of steps = 5,000), and full-scale range is 10 V. The linear range used was
1.016 @, and the sensors, therefore, boast a resolution of R = linear ringe/#steps in
amplifier = 1.016 mm / 5,000 = 0.0002032 mm error band, or +/- 1 X10™ mm.. Overa
gage length of 12.7 mm, the smallest strain the sensor can resolve is +/- 8 ue (for the
axial extensometer, that is, 0.0001 mm/ 12.7 mm). The best resolution the delta
extensometer can have is +/- 13.6 ue with gage length of 7.37 mm. When we consider
that two sensors are used to calculate strain at a third location, the resolution at that third
location is less than that associated with a single sensor. This “effective resolution” or
Rer, 1s a function of the sensor resolution, sensor size, how far apart the sensors are
placed, and how far the third location is from the sensors. Because the effective
resolution is the “bottom line” for these extensometers, and effective resolution is
dependent upon several factors which are under the control of the designer, a quantitative
relationship was determined from which effective reéolu_tion can be calculated from these

various design factors.




In general;

R = the sensor resolution or “error band”. See Figure 5.3.

A and B = inboard and outboard sensor centerline location, respectively, as measured
from the specimen surface

SB = distance from outboard sensor centerline to surface

AB = distance between sensor centerlines

D = diameter of sensors (or, in the case of a rectangular sensor, width as measured along

pin axis).

Worst case : Strike
line from inside

) A edges of sensors
o~ — R
Reff |2 ! -
e b

—f—

Figure 5.3. Coordinate system used for calculating effective resolution (Reg), which is

affected by sensor spacing, resolution, and size.




From the diagram in Figure 5.3, we see that;

R
a=tan”| —— eqn. (5.8
[ (4B - D)} qn. (5.8)
Resr= 2[SB - ﬁéz——Dl (tan a)] , eqn. (5.9)
. . o Reﬂ' :
Effective strain resolution = GL eqn. (5.10)

For the axial extensometer,

Resolution of amplifier is +/- 0.001 V (.002 V “step size”), and full-scale range is 10 V.

This gives 10/0.002 = 5,000 steps,

R = linear range/#steps in amplifier = 1.016 mm / 5,000 = 0.0002032 mm error band
SB =12.95 mm, AB=8.30 mm; D=1.91 mm

o= tan'l(0.000232/(8.30-1.91)) =(.00208 degree

Entering these values into equation 5.9:

Regr = 2[(12.95-((8.30-1.91)/2))(tan 0.00208)] = 0.0007079 mm

This Resr over a gage length of 12.7 mm (eqn. 5.10);

Gives effective strain resolution R =.0000557 or +/- 28 pie (axial extensometer)




For the delta extensometer (in acrylic specimen), the Regr is +/- 22 ue

For the delta extensometer in the in vivo study, the R is +/- 60 pe.

The results of the effective resolution analysis for the axial and deita extensometers as
they were conﬁgured in this study are summarized in Table 5.1. The parameter SB, or
distance from outboard sensor to specimen surface, is readily altered in different
measurement applications. Other parameters, 1.e., distance between sensors (AB) and

gage length (GL) can be altered only through redesign of the devices.

Table 5.1 Summary of effective resolutions, Reff, for the axial and delta extensometers.

Device Axial (in acrylic) Delta (in acrylic) Delta (in vivo)

Retr +/- 28 pe +/- 22 ug +/-60 pe

5.4 Sources of Error in the In Vivo Study

The data collected in vivo with the delta extensometer provided a unique insight into the
strain in the human calcaneus during various weight be:aringr activities. Other than the
data obtained with the prototype capacitive extensometer designed by the author, no data
exist for strain in the calcaneus of a human in vivo, and, having no data to compare to in

the literature other than for tibial strains, the data were considered to be “one shot”



measurements, which, until more data are available against which to compare, must stand
alone. However, data from the literature regarding tibial strain magnitudes encountered in
vivo (see section 2.6 in Chapter 2: Background) as well as bone yield data, can be of use

in making comparisons.

The data reduction algorithms require that the geometric parameters of the system be
known. Since the sensors are assembled to the acrylic bodies beforehand, the distance
between sensors, AB is readily obtained by use of hand held cali\pe'rs or microscope with
an X- Y stage, for example, which was the method used here. However, the other two
sets of measured parameters, gage length (GL) and distance from outboard sensor to
specimen plane of interest, which was taken as the surface of the calcaneus (SB), are
determined only as part of the field installation during assembly of the acrylic body onto
the intraosseus pins, and are not as straightforward. It was shown that strain calculations
are extremely sensitive to changes in gage length. For example, if the uncertainties for
distance SB and distance AB are both 0.1 mm, which is reasonable in a laboratory

situation, the calculated strain uncertainty can exceed 12,000 ue when gage length is over

or underestimated by 3 mm.

The gage lengths (GL) were not measured during the experiment, and were each assumed
fo be 7.1 mm based on the drilling jig geometry. It was necessary to bend one of the pins
(pin #3) slightly to allow for the nominal air gaps to be obtained, and copper shims were
used as planned to bring the air gaps to very close to 0.5 mm, or midway through the
sensor linear range. The shims changed the gage length slightly, and were not accounted

for in the constants used in the data acquisition and reduction program. The bend placed




in one pin was necessary to establish the air gap within the linear range of the sensors and
allow them to function. The pins became out of parallel most likely as a result of small
unavoidable side loads placed on the pin during installation, either by the pneumatic drill
used in surgery, or by the drilling jig itself, as it is held in place against the installed
pin(s) as the next pin is installed. The orthopedic surgeon was consulted regarding this
tendency, which was first discovered during the cadaver tests with the prototype
extensometer, and had practiced the installation process with various jigs previously. The
handle originally welded to the drilling jig used in the in vivo axial extensometer tests, |
prqvided fjor convenience during the surgical procedure, was purposely left off the new
design for this reason, so that significant torque could not be developed as the jig was
held in place, and spring loads in the pins would be minimized. However, this design
change did not adequately address the side and rotaﬁional loads imposed on the pins

during installation (Fig. 5.4a). Additionally, the surface of the foot under the drilling jig is

relatively soft and uneven, and the jig will tend to shift and rotate on this surface, as it is

only held in place by hand.

The jig design might be modified to help restrict this side loading, and also to prevent it
from rocking against the relatively soft and uneven surface of the subject’s limb such that
it is not hand held, but perhaps. mounted in a device similar to a drill press which holds
the foot, drilling jig, and drill in place during pin installation to ensure pins are indeed

parallel.
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Figure 5.4. a.,) Una{/oidable side loads during installation of the intracsseus pins with
drilling jig and/or drilling jig rocking against the relatively soft surface of the foot may
have contributed to pins becoming non-parallel. b.) Author holds intraosseus pins after
removal from subject; pin #3 was bent approximately 3 mm to bring the pins back to

parallel to obtain a nominal air gap between probe and target.

Another source of error for the in vivo study was that the distance SB, measured from
outboard sensor centerline to the specimen surface, was not obtainable in vivo without the
use of some form of imaging technology, such as MRI or fluoroscope. The fluoroscopic
image used to determine the SB distance for the in vivo study was difficult to measure
directly from, and a ratio between pin diameter in the image and actual pin diameter was
the only landmark that could be used to establish an image scale. From this image scale,

the distance from bone surface to skin was determined, and this value was added to the




distance measured between skin and outboard sensor with hand held calipers after the
extensometer was attached to the subject. These methods were developed for the most
part during the test, and in future studies, might be improved upon. One possible method
would be to obtain an MRI image of the assembly; pins, acrylic bodies with sensors, as
implanted in the specimen, so that the values for distances GL and SB may be measured

more directly.

From the measured values obtained from the fluoroscopic image and hand held calipers
on the sub_ject, the value for SB was determined to be 35.8 mm. A value of 27.9 was used
in the data acquisition and reduction program during data collection. The effect this
difference makes in the data varies depending on pin angle. For running, which had the
most severe pin angles (maximum of 0.65-degree half angle), the difference in SB of 7.9
mm accounts for approximately 25,000 pe. However, at this point in the time history, the
strain value reached approximately 50,000 pe. Considering previous values reported in
the literature for in vivo bone strain in the tibia (on the order of 1,200 pg, Burr, et. al.,
1996), and yield strain values of trabecular bone (on the order of 10,000 pe, Chang, et.
al., 1999), the correction in SB did not bring the strain magnitude back to this range of
values. It is likely that other experimental errors causing the absolute strain magnitudes
were present, although, until more data are available against which these values may be
compared, these data must stand alone. Since time histories of pin angles were recorded,
and raw data stored, it is feasible that with additional post-processing, the absolute values

of strain may be recalculated.




5.5 Summary

This chapter discussed the uncertainty associated with the capacitive extensometers, the
sensitivity to the strain calculation to individual measured variables, the development of
an effective resolution of the devices, and the possible sources of error in making strain
measurements and associated calculations, particularly in the context of the in vivo
measurements made in this study. Consideration of uncertainty and effective resolution
hopefully gives the reader a sense of what accuracy is possible under ideal circumstances.
Consideration of sources of experimental error hopefully leave the reader with a sense of
the practical aspects of capturing “real world” data under circumstances where certain
aspects of the experiment, i.e., system geometry, which was shown to have large effects
on absolute strain magnitudes, are under less control than in the ideal laboratory setting.
These sources of error were difficult to foresee. However, with careful analysis of the
sources of error in the experiment, areas of improvement also surfaced, and possible

enhancements to future studies were highlighted.




CHAPTER 6

DISCUSSION

6.1 Overview

The overall purpose of the current study was to design, validate, and test a novel
extensometer concept capable of measuring in vivo bone strains occurring at
physiological magnitudes and rates, and to test in system iz vivo in a human subject. The
motivation for undertaking this study is that bone strain is thought to be an important
parameter in rhaintaining bone mass, and investigators who are involved in the
development of exercise regimes designed to maintain bone mass might benefit from |
information about in vivo bone strains during physiological activity. Further benefits are
realized from the unique capabilities of the capacitive extensometers themselves, and

with their potential application to materials other than bone.

6.2 Four-Point Bending Tests

The dynamic four-point bending tests allowed for a direct comparison between
extensometer calculated output and strain gage measured output on an acrylic specimen.
The physiological range of strains and strain rates were used to develop the testing
envélope (strain magnitude inputs up to and exceeding 4,000 pe, and strain rate inputs up
to and exceeding 40,000 pe/sec). These goals were met for the delta extensometer, where
strain magnitudes up to 5,000 ue were obtained in the test specimen, and strain rates up

to 50,000 ps/séc were measured. For the axial extensometer, strain rates exceeded 90,000

pe/sec with a square wave loading input, indicating that the design concept is capable of




following strain rates well in excess of those required in a physiological setting. This
difference in loading rates between the two test specimens was due to the difference in
geometry of the four-point bending jigs — the axial four-point jig was smaller with a
shorter load span. Thus strain rates were higher for a given input displacement to the
materials test machine. The point-by-point differences between the two outputs
calculated throughout the time histories for each extensometer design allowed
computation of the maximum errors encountered with the capacitive extensometers under
the conditions tested. ASTM E83 contains a table for “Classification of Extensometer
Systéms”, whereby the error of strain is not to exceed the greater of various fixed and
relative strain levcl.s for classification into different categories. Class C allows fixed

errors up to 1,000 pe. A class B-2 extensometer allows fixed errors up to 200 pe, which

might be a target class for this technology (refer to Figure 4.4b).

In addition, the oscillatory output measured from the capacitive sensor and signal
conditioning system when sampled at high frequencies (i.e., 5,000 Hz), allowed a deeper
understanding of the oscillatory nature of capacitive sensor systenis (refer to Figure 4.1b),
and refinement of the sampling algorithms for such a system, namely oversampling and
averaging. This was originally troubleshot as a noise problem, until representatives from
the supplier of the capacitive probes and signal conditioning equipment (Capacitec, Inc.)
were consulted, and suggested oversampling and averaging to help to 1¢ssen the
magnitude of oscillations in the data. In practice, the effective resolution was able to be
improved over the calculated values presented in Table 5.1 by approximately 50%. With

different oversampling algorithms, this value could conceivably be further improved.




The development of equations describing the effective resolution of the extensometers

also originated from the experience gained in these validation tests. It can be seen that the

effective resolution of the capacitive extensometers does not approach that of strain gages
for this application. Metal foil strain gage systems like the one used in this experiment
can resolve strain to perhaps +/- 1 to 2 pne. In contrast, the capacitive extensometer,
because it uses paired values from sensors whose resolution is less than strain gages to
calculate strain, has an inherently lower resolution. Resolutions on the order of +/- 15 ue
were realized in the four-point bending phase of this experiment after the data were
oversampled and run through averaging routines. The extensometer as described wvould
not be‘ particularly suited for measuring small strains, and the regime described by Cowin
(1997) where strains on the order of 100 to 250 pe of interest would not be able to be
measured with the capacitive extensometers without introducing significant error.
However, it is possible to change the linear range and associated resolution by uéing
different sensor models and c;cllibratioris depending on the application. Effective
resolution is also dependent upon extensometer geometry, and can be readily changed by
altering gage length (GL), distance between sensors (AB), and distance from sensors to
specimen (SB). These are variations on the design described that are all under control of
the designer. The relationships developed between sensor spacing, resolution, and size,

were presented to aid in the design process.




6.3 In Vivo Strain Data in Human Calcaneus

The main challenge to analyzing the strain data captured in vivo was that these data were
unique — no data currently exist with which direct comparisons may be made. Data do
exist, however, for in vivo strain in the human tibia. These studies and their results were
presented in Section 2.6 of this thesis. The morphology of the tibia, and the loading it
éxperiences, is different from the calcaneus, however. Although no data exist in the
literature of strain in a human calcaneus, data do exist for strain measurements made in
Vivo in ‘the calpanei of animals (e.g., Lanyon, et. al. 1976-b (sheep), and Biewener, et. al.,

1996 (potoroos)), discussed further below in Section 6.3.1.

Comparisons may also made between the strain data measured in this study with the yield
strain for trabecular bone reported in the literature. The calcaneus, composed primarily of
trabecular bone, obviously did not yield during the loading experienced with normal
locomotioﬁ in the in vivo daté collection trials. Therefore, it would be reasonéble to
assume that the strain magnitudes measured in this study would remain below this yield
value. Chang, et. al. (1999) repofted that the yield strain of bovine trabecular bone is on
the order of 10,000 pe. The absolute values of strain magnitudes measured in this study
were variable and ranged between zero and 50,000 pe for running. For this reason, the
strain magnitude data for the in vivo study are suspect. Potential sources for error were

discussed in Chapter $.




6.3.1 Comparison with Strain Measurements in Potoroos

Not all magnitudes measured in the in vivo study were unreasonable, however, and one
tria] in particular was selected for comparison with an in vivo strain time history
published in the literature. The strain time history for the walking trial selected (Fig. 6.1a)
was similar in shape to that published in a study by Biewener et. al., (1996), where in
vivo principal strains from the calcaneus of potoroos (a small marsupial, reproduced in
Figure 6.1b) were measured. In terms of qualitative shape of the time histories, both show
the principal tensile and compressive strains oriented symmetrically about the zero strain
axis, or X-axi;, with maximal strain peaks occurring during the weightbearing phase of
gait. Of interest is that in both time histories during the swing phase, when the limB is
“unloaded”, measurable strains are still recorded. These non-zero strains during swing
phase occur in cyclic manner, indicating that strains are imposed on the calcaneus during
swing phase by intemal forces, for example, via tendons, but not due to external ground

reaction force.

Another interesting aspect of the shapes of these curves is that the highest strain during
swing phase occurs at different points in the gait cycle; for the human it is at push off,
and for the potoroo it is just prior to “toe strike”. The locomotion of the potorbo is
described as digitigrade, unlike humans, who walk in a plantigrade manner. A possible
source of this strain is via the action of the achilles tendon in both species, causing strain

in the calcaneus at different points in the gait cycle.
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Figure 6.1. a.) In vivo principal strains from this study, measured in the calcaneus of a
human subject during walking at 5 km/hr on a treadmill. Duration of trial is 3 seconds
and for comparison; b.) in vivo principal strains measured in the calcaneus of a potoroo

(a small marsupial) during walking (4 km/hr), adapted from Biewener, et. al. (1 996).

Biewener, et. al., also found a quantitative agreement between principal strain angle
recorded during walking and the trabecular orientation in the calcaneus (161 +/- 7
degrees, measured from the longitudinal axis in the calcéneus) in potoroos (Fig. 6.2).
This was described in the study as providing a quantitative verification of Wolff’s Law,
named for J ulius Wolff who, in his monograph The Law of Bone Remodeling, 1892,
observed that bone tissue has the capacity to adapt to its functional environment such that
its form is optimized for the mechanical demands to which it is subjected. One concept to
come from the observations of Hermann Meyer (1867) and later of Wolff, is that

trabeculae tend to be aligned along the principal stress trajectories in bone, and in




directions orthogonal to these principal trajectories in a manner that tends to support the

trabecular struts (Figure 6.3a).

X -axis

Figure 6.2. In vivo principal strain angle measured in the calcaneus of a potoroo (a
small marsupial) during walking (4 km/hr) produced a range of angles of 161 +/- 7

degrees. Adapted from Biewener, et. al. (1996).

Although trabecular orientation was not measured in this study, principal strain angles in
the calcaneus were measured via the delta extensometer, and they provided qualitative
agreement with trabecular orientation as seen from radiographic images of the calcaneus

(refef to Figure 4.10).




Figure 6.3. a.) Diagram of “stress-lines’ in the human foot. Adapted from D 'Arcy
Wentworth Thompson (1942), after H. Meyer (1867), and b.) principal strain directions
from the in vivo study described in this thesis for a human standing quietly (from Figure

4.10a.).

It should be noted that the diagram shown in Figure 6.3a has been scrutinized and
modified somewhat from the original version shown through modern computer modelling
and imaging techniques (e.g., Bacon, et. al., (1979), Yettram, et. al. (1993)), but the
concept conveyed by the figure shown is basically correct and still relevant for this

discussion.

6.4 Probe Angle Determination is Not a Function of Pooling Error
In the determination of any pooling error encountered between probe and target as a

result of the faces of these elements being non-parallel, it is necessary to know the angle




the probe face makes with the target face. One might think that it is not possible to know
the angle, because of the error due to pooling, which seems to make the situation
unresolvable. It can be shown that the pooling error discussed previously, quantified in
the “probe angle sensitivity test”, does not affect the determination of probe angle, as
long as the pins remain rigid and do not deform. It is necessary to know probe angle prior
to determining the error due to this angle, but this is not a problem. Figure 6.4 shows this
idea, where a pair of capacitive probes and their respective targets are mounted to pins,
and the specimen to which this system is mounted is deformed such that the pins becomé
non-parallel. Any centerline shift at probes A and B caused by pooling will neceséarily be
the same, beca-use the probes are both at the same angle, by virtue of the fact that they are

mounted to the same pin, which does itself not bend or deform.
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Figure 6.4. If pooling is a function of angle only, the centerline shift due to pooling at

probes A and B (top) is necessarily the same for both probes, allowing angle to always be

known.




6.5 Conclusions and Recommendations

6.5.1 Effect of cortical shell

One of the shortcomings of the study was that the extensometers were validated only in
acrylic specimens. Bone is a complex structure, and fhere have been suggestions that
complicating factors, such as micromotion of the pins within the trabecular bone, or the
effect that the inhomogeneity of the structure might have on the strain measurement,
should be evaluated. The calcaneus is compoéed primarily of trabecular bone with a thin
cortical shell. éortical and trabecular bone have very different Young’s moduli —
approximately 17 GPa and 1 GPa, respectively, for relatively stiff trabecular bone. Asa
comparison, stainless steel has a Young’s modulus of 200 GPa, and oak has a modulus of
12 GPa. One question that can be addressed is how the presence of a cortex in the
specimen affects pin displacement. Is it possible that the pins “teeter-totter” about this
stiff cortical shell and are restricted by the strain occurring.in the bbne cortex? To
investigate the effect of the cortical shéll, the cortex surrounding the pins could be
removed by counter boring past this layer such that the pins are isolated from the cortex
and make contact only with trabecular bone. A compression test or four-point bending
expgriment could be performed before and after this counter-boring step and results
compared. Likewise, a validation test set-up like the four-point bending tests described
could be performed on cadaveric bone spe‘cir.nens with bonded gages as comparison

measurements.
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6.5.2 Effect of Pin Misalignment and Geometric Errors

The errors introduced during the in vivo study were primarily attributed to pin
misalignment, causing errors to be made in the estimation of gage length, and in errors
assiciated with defining the system geometry. These errors were not as apparent during
the four-point bending tests because the acrylic specimen was able to be fixtured in a drill
press for implantation of intraosseus pins, and the system geometry was able to be
directly measured with a microscope and X-Y stage. The errors estimated by the
uncertainty analysis, however, did not account for the relatively large strain magnitudes
encountered during the in vivo study. A study could be designed where the effects of pin
misalignment, gage length estimation error, pins entering the specimen plane at various
angles (as opposed to orthogonally with the specimen plane as intended), could be

investigated. This study might involve the use of bonded strain gages as comparisons.

6.5.3 Design and Implementation Enhancements

The axial extensometer described incorporated an adjustable target cap so that the air gap
between sensor and target could be adjusted to some nominal spacing after pin
installation. The delta extensometer as described does not have this feature. Linear gap
adjustment was accomplished by using oversized through-holes (1.60 mm) in the acrylic
bodies relative to pin diameter (1.58 mm), and placing copper shims between the pin and
acrylic where needed to take up the extra space around the pin prior to tightening the set
screws. Other methods of linear adjustment are possible, includihg an eccentric cam that

would be able to rotate about the pin within the acrylic body, and be locked in place on




the pin when the desired gap is established. The setscrews in the acrylic bodies would
then be used to lock the assembly in place. This adjustment in linear spacing between
target and probe would be desirable to account for changes in distance from pin

centerlines.

Design improvements might also be realized with the drilling jig, which ensures that the
pins are properly spaced (establishing gage length) and are implanted parallel to one
another. In practice, because the drilling jig and drill are both hand held, relative
movement between the drilling jig and drill are unavoidable, which, in this experiment
during the in vivo study, caused the intraosseus pins to become non-parallel enough to
require an approximately 3 mm bend in one pin (as measured between the original and
revised pin centerlines, see Figure 5.3b) to bring the air gap of the sensor pair associated
with that pin into a nominal range. Design improvements might involve mounting the
drilling jig and foot in a custom drill press type arrangement, where the drill may be
translated in a precise fashion along a linear guide. This problem becomes less important
where the specimen can be clamped and held in a drill press, or a drill press may be

mounted to the substrate.v

Because of the sensitivity of the strain calculations made from probe outpvut to
extensometer geometry, some form of imaging technology, such as fluoroscope or MRI,
1s necessary to obtain accurate strain measurements in vivo. Ideally, the imaging
technology would be high resolution, and be able to measure the entire extensometer

system after the probe and target bodies are assembled onto the pins. The use of hand




held calipers to make measurements on the as-installed device introduces errors which
may not be correctable after the data are collected. Speciﬁcally, the distance from sensor
plane B (the outboard sensor plane) to the surface of the specimen, and the as-installed
gage length of the device, are crucial measurements input into the strain calculation

algorithms.

6.5.4 Advantages of the Capacitive Extensometer Design

The advantages of the capacitive extensometer design can be summarized as follows:

o The device is reusable

¢ Non-contact probe means no reinforcing effect. The stiffness of bonding agent
relative to substrate is not a concern, because no bonding agents are necessary with
this design.

e Can measure degree and sense of bending in plane normal to pin axis

e Can measure principal strain magnitudes and their directions (delta extensometer)

e Less invasive than bonded resistive strain gageé when used in vivo, less complicated
éurgical procedure

e No bonding agents required

e No special surface preparation required (possibly more reliable on difficult surfaces)

e Lightweight compared to other extensometers

o Higher frequency response compared to other extensometers




6.5.5 Limitations of the Capacitive Extensometer Design

Along with the benefits these extensometer designs have brought to the current
application, limitations exist which have been quantified as far as possible. Important
limitations were realized in the resolution of the extensometers, making the physiological
strain magnitudes of 100 to 250 pe nbt practical to measure with this technology without
significant error. Accuracy of the measurement depends greatly upon the ability to
precisely measure the system geometry. Finally, the technique of using intraosseus pins,
although less invasive than bonded strain gages when used in vivo, is still invasive, and
specimens must be able to tolerate the implantation of pins used in the extensometer
designs, and the associated stress concentrations developed‘from the resulting holes

required. A summary of the limitations is as follows:

e Must implant pins into specimen — is an invasive method
« Resolution lower than bonded resistive strain gage and other extensometers for
physiologic levels of strain
« More expensive that bonded resistive strain gages
e Method requires some form of medical imaging (MRI or fluoroscopy) when used in
Vivo
e Method is very sensitive to errors in geometric measurments of the device used as

parameters in the strain calculation.

6.6 Potential Applications

An extensometer that can be used in vivo to discern axial from bending strains, and

provide a measure of principal strain magnitude and direction has potential uses to the




-

-

biomechanics and orthopedics communities, and to materials testing applications in
general. Example applications include finite element code validation and design of
prosthetic devices, where experimental data are of value to the development and design
process, or in bone studies where the bone surface cannot be prepared for application of
bonded strain gages. The extensometers described were designed with the measurement
of bone strain in mind, however they may be applied to other materials. For example,
porous materials such as porous metals, plastics, or ceramics; materials that have rough,
wet, or inaccessible surfaces, are potential applidations for the capacitive extensométer
designs. Because the sensors are non-contacting and each assembly in the extensometer
design can move independently, application might be found in materials testing
environments where fragmentation of the specimen occurs, such as with destructive or
explosive testing. Further, a wide range of gage lengths is possible without changing
sensor type or size, making these extensometers potentially useful in a broad range of

materials testing and evaluation environments.




Appendix A: Supplemental Data



Table A.1. Test conditions and statistical summary for the axial extensometer validation

tests in dynamic four- point bending.

!

AXIAL EXTENSOMETER
Test Condition HEEE Statistical Summary
Mean Mean % Error Pearson's Maximum Max % Error Standard
Preload  maximum minimum Frequency Difference (% of max strain) Correlation Difference (% of max strain)  Deviation
strain (ne)  (ue) (ue) (H2) (ue) Coeff. r (Insl) (ue)
318 383 251 10 -8.57 -2.24 0.987 2471 6.45 7.98
318 370 265 20 -11.50 -3.11 0.960 33.86 9.15 10.56
629 704 554 10 7.12 1.01 0.988 20.81 2.96 4.55
629 755 502 10 11,15 1.48 0.991 28.76 3.81 6.79
656 762 548 15 -10.87 -1.43 0.978 19.10 2.51 16.12
650 732 568 20 -2.81 -0.38 0.966 36.96 5.05 15.73
637 728 546 20 -6.94 -0.95 0.965 44.21 6.07 17.58
433 639 227 5 -14.49 -2.27 0.997 39.97 6.26 11.42
431 624 241 10 -13.15 -2.11 0.991 51.07 8.18 18.99
426 610 245 10 -14,09 -2.31 0.990 48.79 8.00 18.51
431 594 269 15 -10.53 -1.77 0.981 52.39 8.82 22.78
442 585 294 20 -15,27 -2.61 0.967 66.07 11.29 27.23
422 554 289 20 -14.76 -2.66 0.968 61.71 11.14 24.45
722 1240 189 1 0.12 -0.01 0.999 23.31 1.88 9.44
726 1246 194 1 0.56 0.05 0.999 21.48 1.72 9.36
865 1087 636 19 -3.36 -0.31 0.971 67.73 6.23 39.27
834 1057 605 19 1.43 0.14 0.970 70.22 6.64 40.27
842 1189 495 2 -2.37 -0.20 0.998 78.49 6.60 16.51
Position control +/- 0.005" displacement, Square wave input at 2 Hz;
845 1501 207 2 1.13 0.08 0.998 214.38 14.28 40.18
829 1483 189 2 9.06 0.61 0.998 216.68 14.61 39.3
—
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Figure A.1. Representative time histories for axial extensometer four-point bending test.
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Figure A.1. con't. Representative time histories for axial extensometer four-point bending
test. :
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Table A.2. Test results for delta extensometer in 4-point bending. Sinusoidal inputs.

Delta Extensometer -~ Sinusoidal Loading Inputs

i Tast Condition 1 Statistical Summary
¢ Strain range (us) Frequency:Maan'
B min. max. (Hz)
a2 1 307.6 541.8 5
i 2 -290.0 -170.9 5
: 3 228.5 4072 5
; a3 1 360.4 491.2 10
: 2 -264.6 -198.2 10
H 3 268.6 368.2 10
a4 1 391.2 456.7 20
; 2 -245.1 -211.9 20
! 3 295.9 3438 20
: a5 1 520.5 1208.0 1
2 639.6 -289.1 1
3 395.9 9156 1
a6 1 675.8 1061.5 5 .
2 -548.8 -353.5 5 425 7.7 0.988 67.6 123 10.9
‘ 3 511.9 805.5 5 33.0 4.1 0.990 76.0 9.4 147
. a7 1 750.5 980.3 10 22.2 23 0.987 63.1 6.4 13.4
2 -509.8 -395.2 10 -25.9 5.1 0.949 59.9 RER 13.0
i 3 565.3 737.8 10 38.4 5.2 0.978 741 10.0 12.9
a8 1 790.0 909.5 20 23.8 26 0.963 54.7 6.0 1.2
N 2 -480.5 420.9 20 57 1.2 0.836 41.2 8.6 1.9
: 3 603.9 694.3 20 175 25 0.902 52.3 7.5 13.6
i az20 1 8216 1999.5 1 -16.2 0.8 0.999 70.4 35 23.7
2 -1049.6 451.7 1 -19.5 19 0.997 60.7 5.8 15.6
| 3 625.0 1506.3 1 .20.7 1.4 0998 796 5.3 25.0
i a21 1 1062.0 1742.2 5 48 0.3 0.996 58.0 3.3 25.2
i 2 922.1 578.6 5 18.2 -1.8 0.990 62.9 6.8 178
: 3 800.3 13137 5 9.5 07 0.993 59.1 45 236
az2 1 1198.7 1596.7 10 ar 0.2 0.986 65.9 41 24.2
2 -817.9 6226 10 A7 2.1 0.965 63.0 7 18.1
3 908.2 1208.7 10 -30.0 25 0.979 89.0 74 22,0
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Table A.2., con't. Test results for delta extensometer in 4-point bending. Sinusoidal
inputs.

Delta Extensometer ~ Sinusoidal Loading Inputs, continued

Tast Condition I B . Statistical Summary © -
Strain range (ue) Frequency:Mean:Diff. <M
min, max. (Hz)
al4 1 505.4 11914 1
2 -620.1 -273.4 1
3 375.5 888.7 1
a3s 1 730.6 965.8 10
2 -503.9 -387.1 10
3 544.0 719.7 10
a37 1 815.7 1977.5 1
2 -1035.2 -445.8 1
3 14746 605.5 1
a3s 1 1198.7 1601.6 10
2 -824.2 -622.6 10
3 887.7 1191.4 10
a39 1 1302.2 1509 20
2 -786.1 -685.8 20
3 973.4 11304 20
a3l 1 - §32.2 2285.2 1
2 -1174.3 -290.5 1
3 3928 1696.8 1
a32 1 -878.9 1911.6 . S
2 -981.4 -469.7 S
3 656.7 1425.8 S
a33 1 1064.5 16724 10
2 -864.3 -563.9 10
3 791 1245.6 10
ads 1 1240.2 2988.3 1
2 -1540.5 -664.1 1
3 925.3. 22241 1
a46 1 947.3 3295.9 1
2 -1684.6 -507.8 1 .
3 710.4 2443.8 1 -60.6 -2.5 0.999 126.6 5.2 33.8

Table A.2., con't. Test results for delta extensometer in 4-point bending. Sinusoidal
inputs.

Delta Extensometer - Sinusoidal Loading Inputs, continued

Friezrondeg] Test Condition ! - Statistical Summary

Strain range (ue) :Max.% Error;_ . Std: Dev.

min. max. el) 6 Max straif). ;- o
ad7 1 1940.9 3706.1 1 0.999 114.7 3.1 17.3
2 -1901.8 -1027.8 1 0.4 0.999 68.8 -3.86 22.6
3 1445.3 27344 1 <71 0.998 313.0 11.4 52.8
a48* 1 1562.5 3891.6 0.5 14 0.999 97.2 2.5 14.1
2 -1984.9 -827.6 0.5 -0.5 0.999 774 9.4 348
3 1164.6 2867.7 0.5 -7.7 0.999 434.2 151 958

*Note: trial "a48" gives maximum principal strain in the specimen (ep) as 5032 pe -




Table A.3. Test results for delta extensometer in 4-point bending. Square wave inputs.

Delta Extensometer - Square Wave Loading Inputs

el

ST GRAE

Test Condition { Statistical Summary =~ - 1

a40

a41

add

ad4

W~ W WN = WN -

Strain range (ue)
min. max.
618.2 10234 2
-533.2 -334.9 2
456.0 760.7 2
434.6 1217.5 2
-624.0 -239.3 2
318.3 906.7 2
773.5 1951.7 2
-1009.8 -430.7 2
574.8 1456.1 2
593.5 21533 2 .
-1098.6 -329.6 2 -37.7 11.4 0.998 114.4 -10.4 26.0
4419  1606.7 2 28.3 1.8 0.998 183.6 1.4 419




Operator(s): gop, fp

Date: 11/16/1999 avg. difference = 20.52209

Sampling Rate (Hz): 5000 r= 0.992763

# Samples 5000 max difference = 52.9765

Fitename: a2.dat std. Dev. Of difference = 10.13858

Gage Length (in.) 0.29 median strain = 421.875

Dist. Ato B (in.): 0.635 max strain = 541.7968

Dist. Ato S (in.): 0.7 min. strain = 307.8172

Comments: Acrylic specimen 30 th +/- 20 @ 5 Hz

max pin angles {deg) 1,2,3; 0.014617 0.005799 0.008109

Xet Xe2 Xed Xep Xeq Xphi Ret Re2 Re3 Rep Req Rphi

550.663116 -286.941177 393.6273 733.2316 -294.9987 -24.92136 535.9375 -286.9141 402.2461 726.97 -292.7903 -25.64648
550.52152 -286.810899 401.3913 737.4498 -204.0486 -25.19496 537.5977 -287.8906 403.3203 729.1516 -293.8001  .25.541
§50.759319 -286.680621 400.4347 737.0475 -294.0385 -25.15415 538.5742 -288.1836 404.2969 730.5416 -294.0833 .25.54818
$64.369446 -287.592576 401.0724 748.0746 -296.1751 -24.79855 539.1602 -288.7695 404.3945 731.2282 -294.7048 .25.63784
562.953381 -286.563275 388.5546 739.7382 -296.4418 -24.39671 540.0391 -289.0625 405.2734 732.4887 -294.9887 -25.64445
556.904363 -273.377866 388.714 730.9271 -282.7668 -24.47732 539.3555 -209.0625 405.1758 731.9197 -294.9406 -25.6609
555.392127 -279.840345 404.0824 740.4099 -287.3204 -25.106 539.0625 -289.0625 404.3945 731.2503 -294.9873 -25.64233
556.241774 -286.693559 414.0594 748.9388 -293.2003 -25.46795 538.8672 -289.0625 404.2969 731.0476 -294.9799 .25.64462
§49.398721 -289.286286 399.9564 736.5812 -296.5419 -25.19278 538.0859 -288.3789 403.8086 729.9579 -294.2808 -25.54652
564.273179 -285.521024 3899.797 746.6238 -294.2577 -24.74342 537.207 -288.0859 403.3203 728.9222 -293.9612 -25.65349
562.760921 -269.495192 401.3913 741.1882 -278.0835 -24.73325 535.6445 .-287.207 402.0508 726.7332 -293.0743 -25.54989
550.663116 -256.452257 408.3677 731.6685 -263.2827 -25.24725 §533.5938 -286.4258 400.6836 724.1536 -292.2525 -25.65773
544.518155 -272.609059 419.6297 738.7755 -277.7496 -25.92213 §31.25 -284.9609 398.9258 720.9067 -290.7635 -25.55662
537.523798 -259.045096 406.1643 721.3406 -264.9119 -25.57654 527.9297 -283.6914 396.4844 716.5975 -289.449 .25.66139
549.807839 -271.332077 405.5954 734.33 -278.2159 -25.27041 524.1211 -281.9336 393.75 711.5944 .207.636 -25.66754
553.302056 -275.084566 401.579 735.8723 -282.6747 -25.04781 520.0195 -280.0781 390.5273 706.0586 -285.7461 -25.66451
541108373 -273.390774 391.921 720.6136 -260.8545 -25.04753 §15.5273 -277.6367 387.1094 699.9266 -283.2599 .25.66277
529.622981 -274.954271 389.23 710.8845 .281.6197 .25.2997 510.2539 -275.1953 383.2031 692.9276 -280.7531 -25.66709
- 528.722107 .276.387556 378.6254 704.6821 -284.0421 -24.95214 505.0781 -272.5586 379.1016 685.8257 -278.0783 -25.66009
524.938612 -274.967352 370.0745 696.5598 -283,1959 -24.74181 498.9258 -269.4336 374.707 677.6638 -274.8643 -25.66962
§16.522378 -261.533683 375.4747 688.8205 -268.5116 -25.1024 492.6758 -266.4063 370.1172 669.348 -271.7569 -25.67568

Column heading definitons:

Xel = extensometer “grid” 1 strain (reference grid) — calculated

Xe2 = extensometer “grid” 2 strain — calculated

Xe3 = extensometer “grid” 3 strain ~ calculated

Xep = extensometer principal maximum strain magnitude — calculated
Xeq = extensometer principal minimum strain magnitude — calculated
Xphi = extensometer principal strain angle — calculated

Rel =rosette strain gage grid 1 strain (reference grid) — measured directly
Re2 =rosette strain gage grid 2 strain — measured directly

Re3 =rosette strain gage grid 3 strain — measured directly

Rep = rosette strain gage principal maximum strain magnitude - calculated
Req = rosette strain gage principal minimum strain magnitude — calculated
Rphi = rosette strain gage principal strain angle — calculated

Figure A.2 Sample data output from delta extensometer four-point bending evaluation.

Files were generated in LabVIEW and imported into Microsoft Excel for post-processing.
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Figure A.3. Example time histories from the delta extensometer four-point bending
evaluations. Specific information including range of strains for each grid, and statistical

summaries for each grid, can be found in Table A.2.
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Figure A.4. In vivo pin angles for walking (top) at 5 km/hr on treadmill, and directions 1,

2, and 3 called out in the time history legend, as oriented in human calcaneus (bottom).
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Figure A.5. In vivo principal minimum strain angle (¢Q) for human subject walking at 5
km/hr on treadmill overlaid on vertical force. Trial ~afuratiorz is 3 seconds. The angle is
mea;ured from the reference grid (direction | as indicated in Figure A.4) to the principal
minimum strain axis (€Q). This plot was used in conjunction with principal strain
magnitudes to generate Figure 4.1 3 in Chapter 4: Results. Vertical force time history is
recorded for both feet, however, the left foot only (indicated above graph as “L”’) was

instrumented with the delta extensometer.




Appendix B: Procedures




Delta Extensometer Probe Assembly Procedure

The assembly procedure used for attachment of sensors to the delta extensometer is as

follows:

1. Trim end of sensor with X-Acto knife. Trim no closer than 1 mm from sensitive area

of sensor (can be seen through Capton film).

LEAVE 1 mm _,>} }<,____

@ = ﬁgﬁm

[} CONNECTOR END SENSOR AREA

2. Place acrylic body on assembly jig (jig consists of wood block and pin) with the sensor

~ face facing upward.

/

ASSEMBLY JIG

< PIN

wooD BLOCKQ

SENSOR FACE —




3. Abrade sensor face with wet/dry emory paper. Clean with alcohol.

4. Cut thin strip of cellophane tape about 25 mm long and place over trimmed end of

Sensor.

] j& ]
SENSOR TAPE

5. Align sensor over acrylic body, using assembly jig to line up. Tape down to acrylic

body in desired location, leaving some tape hanging over to grab later.

ASSEMBLY JIG

N

?

SENSOR LEAD




6. Lift sensor (hinge on tape) and apply small amount of cyanoacrylate adhesive to area

beneath sensor closest to tape hinge. Use hypodermic needle or toothpick to apply glue.

GLUE

/

TAPE

7. Apply pressure to top side of sensor with suitable tool (tongue depressor) or thumb and

hold while glue sets. Tip: work under warm light to speed drying time or use accelerator.

8. Peel back and remove tape.

9. Apply small amount of glue over trimmed end of sensor to protect.




Probe Angle Sensitivity Test Procedure

Apparatus:
¢ Troyke Rotary Table with adapter plug

Adapter plug allows target to mount in center of table. Target face is aligned with
center of rotation. Target mounts via a 5/64 in. dia. K-wire (stainless steel pin).
e Vemier Height Gage
. HPB-4O Capacitive Sensor mounted to Vemier height gage arm fixture. Sensor also
mounted to 5/64 in. dia. K-wire.
e Axial extensometer (uses HPB-40 probe with linear range of 0 to 0.040 in. =-5 to
+5VDC)
e 4100-SL Capacitec signal conditioner

e Hewlett-Packard precision voltmeter
1. Turn on voltmeter and signal conditioner and allow equipment to warm up (2-3 hrs).

2. On level surface, mount probe and target to Vernier height gage and rotary table,

respectively. Begin with rotary table set to 0 degrees (target parallel to sensor).

3. Check tightness of vernier height gage clamp, rotary table plug, and rotary vernier

scale.

4. Bring probe up to displacement of 0.020 in. (mid range). Set displacement by using

sensor output (no external reference necessary).




5. Set rotary table to negative setting, - 5 degrees. Increment rotary table by degrees,
minutes to + 5 degrees in 20 minute steps). Record sensor output and rotation angle.
Since target face is aligned with center of rotation of table, any deviation from 0.020”

displacement will be due to rotation alone (i.e., no translation).

6. Plot angle vs. deviation from baseline output. Fit a curve (2™ order) to use as a

correction for various angles encountered if necessary.




Strain Gage Amplifier (Measurements Group 2100) Bridge Balance / Gain Adjust
Procedure

1. With excitation OFF (CAL A toggle OFF), specimen unloaded:

2. Adjust excitation to 3 volts for acrylic specimen (to minimize self-heating. An |
excitation voltage of 5 volts is typically used for metal specimens where gage cooling via
conduction is possible). Screwdriver adjust on “BRIDGE EXCIT” control.

3. Adjust screw to amplifier zero until see zero output (adjusting the bias of the amplifier,
can go +/- from zero).

4. With excitation ON:

5. Balance bridge to zero output (with large knob at top)

6. Switch CAL A toggle to ON

7. Using GAIN knob, adjust sensitivity until the gage factor value is reached

Gage factor value sample calculation:
Assume GF = 2.1

2.0 ) )
—— x 1000 = 952 microstrain

Adjust sensitivity so with CAL A on, value 0of 0.952 Volts is obtained

8. Switch CAL A to OFF (leave excitation ON).

9. Readjust bridge balance / readjust zero — ready to take measurement



Appendix C: Original Drawings
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Figure C.1. Original concept sketch for delta extensometer.
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Figure C.2. Delta extensometer acrylic body detail drawings (all dimensions in inches).
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Appendix D: Mohr’s Circle for Strain




Mohr’s Circle for Strain

Although the information contained in this Appendix is found within the body of the
thesis text, the equations for Mohr’s circle for strain are summarized here for clarity.

Mohr’s circle is named after its developer, Otto Mohr, a German engineer (1835 - 1918).

A strain gage rosette or delta extensometer mounted to a specimen (Figure D.1), will
provide strain output in the form of resistance or voltage (for strain gage or extensometer,
respectively). This output corresponds to measurements of three strain magnitudes, €, €3,

and e3. The principal strain direction () is unknown at the time of data collection.

Figure D.1. Delta rosette (at left) installed on a test surface, with Grid | at the angle
from the major principal strain direction, (). Delta extensometer shown at right, with

“grid” directions aligned identically with the delta rosette.




From these values, the strain transformation relationships for a planar state of strain are
applied to calculate the principal strain magnitudes (gp,q) and their direction. The
direction is indicated as the angle 6, and is drawn from the principal maximum or
minimum strain axis to a “reference grid”, shown as grid 1 in Figure D.1. To determine
whether the angle, 6, is drawn from the principal maximum or minimum axis, several
conditions are checked, described below. Figure D.2 shows the grid directions
superimposed on Mohr’s circle for strain. The geometry of the circle is the basis for the
equations presented below. Note that 6 as measured on the part is represented as 26 on

Mohr’s circle.

Plane strain refers to situations where the deformations of the material take place within
parallel planes, and are the same in each of these planes. The use of strain transformation
relationships which assume a state of plane strain is a simplifying assumption in this

thesis.

To calculate principal strains (ep,q) and their direction (8) for a 60 degree delta rosette, or
the delta extensometer, substitute the individual strains €1, €2, and €3 into the following

equations:

el+e2+63 2 —
£,.= —3~—¢—3-J(51-52)2 +(£2-€3)* +(63- 1)




9=_1_tan-| ‘/3-(53"52)
2 26l-g2-¢83

Where: 0 is measured from principal axis to reference gﬁd (grid 1).
(¢ = - 0; ¢ measured from the reference grid on the strain gage rosette

or the extensometer to the principal strain axis)

It is necessary to check for several conditions in order to determine whether the angle

¢ is to the principal maximum or minimum axis (¢e or $q, respectively).

The conditions checked are:

(2) ifg; > (g2 + €3)/ 2, then dpg = Pp

(b) ifg; <(e2 +£3)/ 2, then ¢p,q = Pq

(c) ifey = (g2 +¢€3)/ 2, and €2 < g, then dpq = dpp = - 45 degrees
(d) ife; =(e2+€3)/2,and g2 > €, then dpg =dp=+45 degrees

(e) if € =€, = ¢35, then ¢p g is indeterminate (equal biaxial strain)

Maximum shear strain can be written as:

7max =€p—€q



Figure D.2. The rosette grid axes superimposed on Mohr's circle for strain. Note that
Grid 2 is to be viewed as +60 degrees (CCW) from Grid 1 in the rosette, and +120

degrees in Mohr's circle.

The Mohr's circle shown above is constructed with positive shear strain plotted
dowﬁward. This is done so that the positive rotational direction in Mohr's circle is the
same (CCW) as for the rose&e, while maintaining the usual sign convention for shear
(i.e., positive shear corresponds to a reduction in the initial right angle at the origin of the

X-Y axes).
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1

CAPACITIVE EXTENSOMETER
PARTICULARLY SUITED FOR MEASURING
IN VIVO BONE STRAIN

ORIGIN OF THE INVENTION

The invention described herein was made by an employee
of the United States Government. and mav be manufactured
and used by or for the Government for governmental pur-
poses without the payment of any rovalties thereon or
therefor.

FIELD OF THE INVENTION

This invention relates 10 a extensometer for measuring the
strain in a specimen. More particularly. the present invention
relates 10 measuring the in vivo bone strain of a mammal.
Specifically. the present invention relates to an
extensometer, and a method of operation thereof. that mea-
sures the principal strain magnitudes and directions. and
maximum shear strain that occurs within bones of a human
when subjected to strain.

' BACKGROUND OF THE INVENTION

The ability of bone to form optimal structures to support
loads and adapt structurally 1o changing loads is termed the
“strain-adaptive remodeling response.” The exact nature of
the mechanical remodeling signal. or osteogenic stimulus. is
not fully understood. However. several mechanical param-
eters have been proposed. including strain magnitude.
frequency. and rate. It is thought that ] to 2 Hz events during
locomotion produce levels of strain on the order of 1000 to
3000 microstrain (or 0.1 to 0.3%). and are osteogenic in
nature. These 1 10 2 Hz events are more tully described by
Rubin C T and Lanyon L E. in the 1983 technical article
“Regulation of Bone Mass by Mechanical Strain
Magnitude.” published in Calcified Tissue Iniernational.
37:411-417. which is herein incorporated by reference.

Further. it has been proposed that higher frequency events
(1510 25 Hz) of lower magnitude (100 to 250 microstrain).
possibly associated with muscular contractions 10 maintain
posture. are of importance in maintaining bone mass. These
15 10 25 Hz events are more fully described by Cowin. § C.
in the 1997 report “Posture Load-Induced Bone
Maintenance—A New Hypothesis™ disclosed in NASA-
funded Project #199-26-17-04. which is herein incorporated
by reference. Removing this stimulus in environments such
as those encountered during space flight will inhibit the
process of bone deposition. It is well documented that bone
loss is a physiologic effect of space flight. For example. this
bone loss is more fully described by Rambaut P C, Smith M
C Jr.. Mack P B. Vogel J M. in the 1975 repont “Skeletal
Response™ published in Biomedical Resulis of Apollo pre-
pared by R S. Johnson. L. F. Dietlein. and C. A. Berry (eds.).
{Document SP-377). Washington. D.C.. pp. 303-322. which
is herein incorporated by reference. In addition. this bone
loss is also more fully described by Whedon. G. D.. in the
1984 technical article “Disuse Osteoporosis: Physiological
Aspects.” published in Calcified Tissue Imernational, 36.
S146-S150. which is herein incorporated by reference.
Thus. the accurale measurement of strain within this range
of frequencies (1-25 Hz) and amplitudes (100-3000 micros-
train (pe)) is important for understanding the relationships
between mechanical loading and bone remodeling.

A variety of methods exist for measuring animal bone
strain in vitro and in vivo and are described. for exampie.
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herein incorporated by reference. Local sirain in trabecular
bone has been measured using optical devices to track the
displacement of markers on individual trabeculae such as a
method used by Michel M. C.. et al in the technical anicle
“Compressive Faiigue Behavior of Bovine Trabecular
Bone.” published in 1993—J. Biomechanics 26:453-463,
and herein incorporated by reference.

Global strain has been measured in the tibia using metal-
foil type strain gages adapted to intracortical pins that
proirude from the skin as disclosed by Milgrom C.. et al in
A Comparison of the Effect of Shoe Gear on Human Tibial
Axial Strains Measured In Vivo™ Absiract from ORS 43rd
Annual Mtg.. February 1997. and herein incorporated by
reference.

The most common method has been 1o use metal foil type
strain gages {(for example. unsiacked rosettes) bonded
directly to the bone cortex. Surface-mounted gages are
considered the standard for measuring cortical bone strain in
vitro and in animal models in vivo. In humans. however, the

.use of surface-mounted gages is limited for several reasons:

the compatibility of bonding material with living tissue is a
problem (cyanoacrylate-based adhesives. which is the stan-
dard bonding material. are potentially carcinogenic). the
level of invasiveness is high. and proper surface preparation.
which is difficult 1o achieve on bone. is essential for obtain-
ing reliable measurements. Among these methods. gages
adapted to intraconical pins offer a less invasive and poten-
tially more reliable way of obtaining in vivo strain data.

Surface-mounted strain gages when amranged in a rosette
can provide principal strains and directions. and maximum
shear strains within the plane of the gage. However. in the
case of hone. where the moduli of conical and trabecular
bone vary greatly. surface strain gages mounted to the bone
cortex are questionable indicators of global strain in trabe-
cular bone. Further. if strains due to bending are to be
calculated. surface gages must be mounted on opposing
faces of the specimen. which is difficult to accomplish in
vivo. Intracortical pins. which extend into the trabecular
structure. can conceivably be used to follow global defor-
mations and provide a measure of global strain across a
section of bone in bending. Assumptions must be made that
strain gradients are linear. and that the pins do not them-
selves deform. Also. as with unstacked strain gage rosettes.
a uniform strain field is assumed in planes that contain the
gage. as the gage necessarily covers a finite area of the test
surface. Macroscopic (or average) strain is what is mea-
sured. For this reason. a smaller gage length is better. Since
the porosity of the underlying cancellous bone restricts how
small the gage length may be. 4 balance must be achieved
between accurately capturing the strain field and sizing the
gage length appropriately for a given specimen porosity.
This is left to the user to determine for their particular. It is
desired that means be provided for measuring in vivo strain
encountered by the bones of a human and to do so with
accuracy.

SUMMARY OF THE INVENTION

The present invention is directed 1o an extensometer. and
a method of operation thereof. that measures intracortical
pin displacement. from which strain is calculated. and from
which. in a preferred embodiment. principal strain magni-
tudes and directions, maximum shear strain. and strains due
1o bending may be calculated via strain transformation
relationships and geometric parameters of the extensometer.

The exiensometer comprises at least two pins adapted to
be inserted into the bone: and at least two capacitive sensors
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mounted across the pins and providing a variable capaci-
tance whose output is varied by the strain to which the bone
is subjected.

In a preterred embodiment. six sensors are arranged into
three pairs with each pair being attached to a five (5) sided
member and oriented from each other pair by an angle of
120 degrees.

BRIEF DESCRIPTION OF THE DRAWINGS

For a better understanding of the nature and objects of the
present invention. reference should be made to the following
detailed description taken in conjunction with the accom-
panying drawings. in which like parts are given like refer-
ence numbers. and wherein:

FIG. 1 is composed of FIGS. 1(A). I(B) and 1(C).
wherein FIG. 1{A) is a schematic elevational view showing
the foot of a human. in particular, the calcaneus of a human
serving as a site for in-vivo measurements by the present
invention. and wherein FIGS. I(B) and 1(C) illustrates
details of the sites.

FIG. 2 illustrates the in vivo placement of a double sensor
extensometer of the present invention.

F1G. 3 illustrates the capacitive delta extensometer of the
present invention.

FIG. 4 illustrates the in vivo placement of the capacitive
delta extensometer of the present invention.

FIGS. S and 6 illustrate further details of the capacitive
delta extensometer of FIG. 3.

FIG. 7 is composed of FIGS. 7(A) and 7(B) that illustrate
the geometric parameters associated with each intracortical
pin lying at the apex of an equilateral tiangle which is the
basis for placement of the five-sided members making up the
capacitive delta extensometer of the present invention.

FIG. 8 illustrates further details of the capacitive delta
extensometer of FIG. 4.

FIG. 9 illustrates another embodiment of a capacitive
delta extensometer.

F1G. 10 is a cross-sectional view of the capacitive delta
extensometer taken along line 10—10 of FIG. 3. and illus-
trates the orientation of pairs of the sensors thereof displaced
from each other by 120 degrees.

FIG. 11 is a block diagram of the electronic equipment for
processing the output signals generated by the capacitive
delta extensometer of the present invention.

FIG. 12 is composed of FIGS. 12(tA). 12(B) and 12(C)
that illustrate strain transformations related to the present
invention.

FIG. 13 is composed of FIGS. 13(A) and 13(B) and
illustrates a flow diagram of the present invention.

FIG. 14 illustrates pilot results obtained from the practice
of the double-sensor extensometer configuration of the
present invention mounted in an acrylic specimen. with
surface-mounted strain gage output plotied as a comparison.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

Referring now to the drawings. wherein the same refer-
ence number indicates the same element throughout. there is
shown in FIG. 1 one application of the practice of the present
invention. FIG. 1 is composed of FIGS. 1{A). 1{B) and 1{C).
wherein FIG. 1(A) is a schematic view of the foot 10 of a
human. in particular. the calcaneus 12 of a human serving as
a site 14, running along line 12A. for in vivo measurement
in accordance with the practice of the present inventiop
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FIG. 1(B) itlustrates one measurement site detined by two
points 14A and 14B running along the line 12A and asso-
ciated with two tntracortical pins to be described. FIG. 1(C)
illustrates another measurement site defined by three points
14C. 14D and 14E. with point 14C intercepting the line 12A
and points 14D and 14E straddling the line 12A and with the
three detining points 14C. 14D and 14E being associated
with three intracortical pins to be described. The measure-
ment site of interest is Ieft to the user’s discretion: in this
example the line 12A is roughly aligned along the principal
orientation of trabeculae in the calcaneus. Although FIGS.
1(B) and 1(C) show typical locations. the intracortical pins
may be inserted anywhere that measurement is 1o be taken
in accordance with the present invention.

The measurements of the present invention detect the
deformation of the bone. such as the calcaneus 12. and
which deformation is converted into electronic signals
which are routed to a processor. having routines running
therein. for calculating strain in the bone. The strain is
detected by extensometers. one arrangement of which may
be further described with reference to F1G. 2 which is a view
taken along line 2—2 of FIG. 1.

FIG. 2 illustrates a double-sensor extensometer 22 that
comprises at least two pins 18 and 20. respectively located
at points 14A and 14B. already discussed with reference to
FIG. 1(B). adapted to be inserted into the bone: and at least
two capacitive sensors 24, made available by Capaciiec.

Inc.. (Ayer. Mass.) with targets 24A mounted across the pins_

18 and 20. respectively. and providing a variable capacitance
whose output is varied by the strain experienced by bone 12.
The targets 24A are conductive and grounded. and provide
an adjustment capability so that the initial air gap may be
changed. Targets 24A are held in place with set screws 44 (10
be further described hereinafter). Sensors 24 are mounted to
posts 27 which are insulated from the sensors. Targets 24A
are mounted to posts 27A. which incorporate a machined
end 29 (not shown} which is cylindrical in cross-section with
a flat, against which the target set screw 44 rests. Posts 27
and 27A mount to pins 18 and 20. Posts 27 and 27A are held
in place upon pins 18 and 20 by set screws 44 (not visible
in view). The double-sensor extensometer 22 preferablv has
a guard ring 26 (not shown for the sake of claritv) made
available from Capacitec Inc.. and having a 0.136" inch
outer ring preterably surrounding the sensors 24 and mini-
mizing distortion. or fringing ettects on the electrostatic field
created by the capacitor. The outer edges of intracortical pins
18 and 20 are spaced apart from each other by a gauge length
28. The gage length 28 is allowed to change. depending on
the user’s needs. For example. it the user expects high strain
values within site 14. a larger gage length may be desired.
On the other hand. if the user is interested in capturing more
accurate strains. or the strain field beneath the gage is
expected to have high strain gradients. the gage length 28
might need to be smaller. A gage length 28 of 0.524 inches
may be a typical value to serve as a place to start these
trade-off considerations by the user.

The sensors 24 may each be a non-contact displacement
transducer made available from Capacitec. Inc.. as their type
HPB-75/156B-A-13-B-15-B-D probe. The intraconical pins
18 and 20 may each be comprised of stainless sieel K-wire
and have a diameter of 0.078 inches.

The double-sensor extensometer 22 has the at least (wo
sensors 24 spaced some distance apart so as to define the
angle between pins 18 and 20. Using geometric variables
measured from the double-sensor extensometer 22 and dis-
placement data from each of the two sensors 24. it is possible
to calculate a corrected strain within the region of bone 12.

'
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in a manner as 10 be described hereinafter with reference to
FIG. 14. A further embodiment of the present invention may
be further described with reference o FIG. 3.

FIG. 3 illustrates a herein termed “capacitive delta exten-
someter” 34, which has the benefits of an extensometer.
known in the arl. which is used to measure axial strain. as
well as the additional benefits of providing principal strain
magnitudes and direction. maximum shear strain. and strain
due to bending. Further details of exiensometers may be
found in U.S. Pat. Nos, 4.160.325: 4.251.918: 4.607.531:
and 4.939.445, all of which are herein incorporated by
reference.

The capacitive delta extensometer 34 comprises three (3)
identical five-sided members 36 each of which carry a pair
of capacitive sensors 38 (not shown in FIG. 3) spaced apan
from each other and oriented with respect to each pair by a
value of 120 degrees. as will be further described hereinafter
with reference to FIG. 10. The capacitive deita extensometer
34 carries three intracortical pins 18, 20 and 40.

The capacitive delta extensometer 34 is shown in FIG. 4
in a pictonial view as being embedded in the calcaneus bone
12 shown in cross-section of the foot 10. The intracortical
pin 40 of FIG. 3 is out of view for the cross-section of FIG.
4, but all three pins 18, 20 and 40 are present and their
placement is that of FIG. 1(C) having defining points 14C,
14D and 14E. The capacitive delta extensometer 34 may be
further described with reference to FIG. 5.

FIG. 5 illustrates typical dimensions of the five-sided

member 36. three of which members make up the capacitive ,

deita extensometer 34 of the present invention. Although
FIG. 5 illustrales the typical dimensions in great detail. the
dimensions shown in FIG. 5 should not be considered as
limiting features of the invention in any manner whatsoever.

The five-sided member 36 allows for the ability to orient
the sensors 38 of the capacitive delta extensometer 34 by a
preferred 120 degrees. More particularly. the five-sided
member 36 has three comners identified with the reference
number 41 and showing the angle of 120 degrees. These
three corners may be used to obtain the desired orientation
of 120 degrees between each pair of the sensors 38 to be
described hereinafier with reference 1o FI1G. 10. The five-
sided member 36 has first and second aperiures 42 and 44
respectively serving as the aperture through which either of
the intracontical pins 18. 20 or 40 extends and the aperture
through which set screw 44, is inserted so as 10 affix each of
the five-sided members 36 to its related intracortical pin 18.
20 or 40. The five-sided member 36 mav be f{urther
described with reference 1o FIG. 6 which is composed of
FIGS. 6(A). 6(B). and 6(C).

FIG. 6(A) shows a side 46. also shown in FIG. 3 along
with apertures 44. of the five-sided member 36 which is
herein termed “the set screw side.” More particularly. side
46 is the side of the five-sided member 36 in which set
screws (not shown) are inserted and screwed imo aperture
44 having screw threads and a centerpoint which corre-
sponds to the axis 48 of the five-sided member 36. The
reference number 44 may be used in an interchangeable
manner to identify “apertures 447 and “set screws 44.” FI1G.
6(A) further illustrates thai each of the apenures 44 for the
set screws are spaced apart from each other by a predeter-
mined distance. such as 0.25 inches and with one of the
apertures 44 spaced from a front edge of the five-sided
member 36 by the same 0.25 distance. The axis 48 is also the
axis for the aperture 42 and the axis 48 and is located a! a
predetermined distance such as 0.180 from top edges 36A
and 36B which are also shown in FIG. 6(B). The distance the
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pins 18. 20 and 40 are spaced apan from each other is similar
10 the gage length 28 of FIG. 2. FIG. 6(A) also shows outer
edges 36D and 36E of the tive-sided member 36 and which
outer edges are shown in FIG. 6(C) having a typical sepa-
ration of 0.75 inches.

The five-sided member 36 of FIGS. 5 and 6 provides for
the proper alignment of the sensors 38 and also provides for
the proper air gaps within 2 linear range of the sensors 38 so
as 1o provide for proper operation of the capacitive delta
extensometer 34. The capacitive delta extensometer 34 is
mated 10 the three intracortical pins 18. 20 and 40 by way of
aperture 42 with each pin positioned at the apex of an
equilateral triangle provided by the three five-sided mem-
bers 36 which may be further described with reference to
FIG. 7 composed of FIGS. 7(A) and 7(B).

FIG. 7(A) illustrates three five-sided members separated
from each other by a tvpical distance of 0.020 inches and
arranged to form the capacitive delta extensometer 34 and

also having typical dimensions shown therein. as well ‘as
interconnecting dimensional lines so as to indicate appro-

priate angles thereof. FIG. 7(A) shows an equilateral triangle
42A interconnecting the apertures 42. From the dimensions
shown in FIG. 7tA). it may be determined that the sides of
equilateral triangle 42A may each have a typical value of
0.272 inches as shown in FIG. 7(B).

From the parameters shown in FIGS. 7(A) and 7(B) and
using a typical diameter of 0.078 inches for each of the
intracortical pins 18. 20 and 40. it may be determined the
gage length. that is the separation between pins 18. 20 and
40 is 0.350 inches (0.272+0.078).

In the assembly procedure for the capacitive deha exien-
someter 34, it is desired that a drilling guide be provided and
used 10 ensure accurate placement of pins 18. 20 or 40 into
specimen, such as site 14. and so that the pins 18. 20 and 40
are parallel to one another. Once the pins 18. 20 and 40 are
in place. the five (31-sided members 36 may be mounted to
the pins 18. 20 and 40 and properly aligned. The arrange-
ment shown in FIG. 7 may be used as a template for making
a drill and placement guide for the capacitive delha exten-
someter 34. The capacitive delta extensometer 34 having the
tvpical dimensions of FIGS. 5. 6 and 7 may be further
described with reference to FIG. 8.

FI1G. 8 illustrates one of three five-sided members 36 of
capacitive delia extensometer 34 as having a face 52. that is
its sensor face., positioned in the direction of the opposing
target face. such as 38. The direction in which the five-sided
member 36 is placed into the specimen 14 is not critical so
long as the pins 18. 20 and 40 are long enough to extend into
specimen 14. The five-sided member 36 further has a target
face 58. as well as the set-screw side 46 of FIG. 6(A). The
sensor face 52 has attached thereto two sensors 24. that is.
a sensor pair. placed at a predetermined distance 38 aparn
from each other. and having a typical value of 0.50 inches.
The sensor face 52 is positioned in the direction of the next
five-sided member’s 36 target face 58. The sensors 24 used
in this embodiment of the capacitive delta extensometer 34
are disk-shaped “button probes.” with a sensor O.D. of
0.075" and a linear range of 0.050". tvpical. The target face
58 has mounted 10 it a thin. conductive material 60 such as
aluminized mylar (or aluminum tape) which is grounded.
The conductive material 60 acts as one-half of the capacitor
for each of sensor 24 opposing it in a manner similar to 24A
in FIG. 2.

The function of each sensor pair comprised of the two
sensors 24 is 1o define two points on the intracortical pin.
such as pins 18. 20 and 40. such that the position of either
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pin 18. 20 or 40 in two-dimensional (2D) space at any point
along its length may be calculated. The dispiacement of pin
20 relative o pin 40. for example. is defined in the planc
containing pins 20 and 40. and the displacement of pins 20
and 18. for example. is defined in the plane containing pins
20 and 18. In this way. the pin displacement measurement is
analogous to measuring % efongation of a single uniaxial
gage element contained in a strain gage rosette arrangement
known in the art. For such calculations. it is assumed that
none of the pins 18. 20 and 40 deforms rather, their move-
ment is defined as a transiation plus a rotation within planes
as described above. A further embodiment of the capacitive
delta extensometer 34 may be further described with refer-
ence to FIG. 9.

F1G. 9 is similar to FIG. 8 with the exception that the
capacitive sensors 24 of FIG. 8 have been replaced by
rectangular shaped thin sensors 62 separated from each other
by a distance 62A having values similar to those of 38 of
FIG. 8. The rectangular faces measure 0.039 by 0.157
inches. typical, and have a thickness=0.0063 inches nomi-
nal. Both of the capacitive delia extensometer 34 embodi-
ments of sensor 24 or 62 of FIGS. 8 and 9 may be further
described with reference to FIG. 10. which is a view (aken
along line 10—10 of FIG. 3.

FIG. 10 illustrates the sensors 24 or 62 oriented 120
degrees with respect to each other. It should be recognized
that each of the sensors 24 or 62 on each of the three
five-sided members 36 cooperates with its other sensors 24
or 62 (not shown in FIG. 10 but shown in FIGS. 8 and 9)
making up its pair and each pair ot sensors of each of the
five-sided member 36 is oriented by the desired 120 degrees.
The sensor, such as sensor 24, is mounted to an insulated
base to the intracortical pin 18. 20 or 40, which may be
accomplished by making the five-sided member 36 out of a
non-conductive material. whereas the other half of the
capacitor. that is. surface 60. is conductive and grounded.
Sensors are typically mounted in place using cyanoacrylate-
based adhesive.

Operation of the Present Invention

The operation of the present invention may be described
with reference to FIG. 11 which is a block diagram of the
electronics used to process the displacement output of the
sensors 24 or 62 arranged 120 degrees apart from each other.
as discussed with reference to FIG. 10 and as generaily
illustrated in FIG. 11 for the capacitive delta extensometer
34. Each of the six (6) sensors provides an electrical output
signal corresponding to the displacement that it senses and
each of which electrical signal is routed to a serial arrange-
ment comprising an amplifier 64. preferably a linearizing
circuit and low pass filter 66. preferably an anti-aliasing
filter 68. and an analog-to-digital converter 70. Each of the
serial arrangements for each of the six (6) sensors is routed
1o a processor 72.

Each of the sensor amplifiers 64 uses a linear capacitive
reactance technique for converting the dispiacement of the
variable capacitor of each of the capacitive sensors 24 or 62
to a voltage output which results in increased sensitivity
with decreasing sensor area. Each of the sensors 24 or 62
detects a strain that is resolved to +/~four (4) to +/—eight 8
pe for a 0.524 inch gage length device or +/~15 pe for a
0.272 inch gage length device. This +/—4 pe is obtained by
using sensors that are calibrated within the range of 0.040
inches, for example. and an amplifier having output in the
range of 0-10V with +/-0.001 volt resolution.

The separation. such as 38 of FIG. 8. of the sensors 24
may be selected to be 0.500. inches but can be changed by

mounting the sensors closer or tunher apan. The capacitivd’
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delta extensometer 34 maintains an air gap «separation
between the fve-sided members 36). shown in FIG. 7.
throughout the strain measurements and this air gap may be
set to about 0.020 inches. The amplifier 64 preferably
contains the linearizing circuit and low pass filter.

The A/D converter 70 may be made available from
National Instruments as their AT-M10-16E-10 tvpe. Each of
the A/D converters 70 provides a digital representation that
is routed to a processor 72 which may be a PC.

Operating routines within the processor 72 accept the
measurements from each of the sensor paths and calculate
the strain reading due to specimen deformation. Basically

the routines provide a line which is defined by a space

between two (2) points. with each line corresponding to each
intracortical pin. The two (2) points defining the position are
determined by the sensors mounted at their known points
along the length. The data reduction program incorporates
calculations of the effective strain in the region of the bone
based on strain time-history paths and sensor geometry
variables. Strain-transformation relationships are used to
calculate the principal strain directions and magnitudes and
maximum shear strains in the specimen. The strain trans-
formations related to the present invention may be further
described with reference to FIG. 12 composed of FIGS.
12(A). 12(B) and 12(C).

FIG. 12(A) illustrates a delta rosette orientation. known in
the art. for a sensor installed on a test surface. such as site
14. with a first grid 76 at an angle © from the major principal
strain direction. €p. FIG. 12(A) further illustrates a strain
direction. e, which is perpendicular to €, and also illustrates
second and third grids 78 and 80 respectively.

FIG. 12(B) illustrates the rosette grid axes of FIG. 12(A)
resulting in an orientation 82 related to the capacitive deita
extensometer 34 of FIG. 10. The orientation 82 is analogous
1o the sensor of the capacitive delta extensometer 34 of FIG.
3. From FIG. 12(B) it should be noted that. for example. the
second grid 78 is to be viewed as +60° (CCW) from grid 76
in the rosetie of FIG. 12(A). and +120° in Mohr’s circle of
FIG. 12(B). FIG. 12(B) further illustrates the capacitive
delta extensometer 34 as carrving sensors indicated by
reference numbers 84, 86 and 88. wherein 84 represents a
sensor-pair aligned with the first grid 76 of FIG. 12(A). 86
represents a sensor-pair aligned with the second grid 78 of
FIG. 12(A). and 88 represents a sensor-pair aligned with the
third grid 80 of FIG. 12(A).

FIG. 12(C) illustrates the parameters of the Mohr's circle.
generally identified by reference number 99, for strain and
including strains €,. €. and ¢,. as well as'maximum shear
strain 92 shown as Y max=e,—€, determined by operating
routines being run in the processor 72. It is important to note
that the plane containing strains as represented by Mohr's

circle for strain in FIG. 12(C) is chosen by the user. and is

a plane different than those planes containing sensors. The
strains represented in FIG. 12(C) are developed through a
procedure described below. The overall operation 94 of the
routines running in the processor 72 are shown in FIG. 13
which is comprised of FIGS. 13(A) and 13(B).

The overall operation 94 is comprised of program seg-
ments 96-114, wherein program segment 96 of FIG. 13(A)
records (from manual inputs) geometric parameters of FIGS.
5-9 of the device being used. such as the capacitive delta
extensometer 34. and then passes control to program seg-
ment 98 by way of signal path 116.

Program segment 98 records the initial (unstrained) voli-
age of all six sensors. such as those of FIG. 11 and then
passes control to program segment 100 by way of signal path
128.
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Program segment 100 calculates the initial air gaps using
sensor calibration data supplied by manufacturer or deter-
mined by user and then passes control 10 program segment

102 by way of signal path 120.

Provram segment 102 records voltages (strained) as a
chanae from baseline, that is. from the initially recorded
voltages of program segment 98, and then passes control to
program segment 104 by way of signal path 122

Program segment 104 calculates strain at the planes for
the three pairs of sensors. For example, with reference to
FI1G. 12(B). it is seen that one plane. defined as A, would be
common to all three sensors 84, 86 and 88 and that another
plane, defined as B, would be common to the other three
sensors (not shown in FIG. 12(B) associated with the three
sensors 84, 86 and 88. The strain. €. at the planes A and B
may be defined as €, A e.A.€,A; €,B.€,B.¢,B. After segment
104 performs its calculations. program segment 104 passes
control to program segment 106 by way of signal path 124.

Program segment 706 for each sensor pair calculates
©=angle, shown in FIG. 12(A), between pins 18, 20 or 40,
associated with a particular sensor pair, and their target face
by using sensed displacements and geometric parameters
obtained in program segment 96. Afier these calculations.
program segment 106 passes control to program segment
108 of FIG. 13(B) by way of signal path 126.

Program segment 108 calculates sirain at the line of
interest. for each sensor pair 84. 86 or 88. These calculations
yield the following results: i.e.. €,A and €,B yields €,. €,A
and e,B yields €,, and ¢,A and e1B yields €. wherein €,. €.
and €, are shown in FiG. 12(C). After such calculations.
program segment 108 passes control 10 program segment
110 by way of signal path 128.

Program segment 110 uses strain transformation
relationships. such as Mohr’s circle for strain, known in the
art and shown in FIG. 12(C). for a delia rosette, also known
in the ant, using program segment 108 quantities €,. €.. €, as
inputs. After such calculations. program segment 110 passes
control to program segment 112 by way of signal path 130.

Program segment 112 calculates principal strains ¢, , and
direction © from measurements given below by expressions
(1) and (2), known in the art:

Ep +E1+ &
o= '_—:._1 \l —ER r ()  + (- )
\/_(51 l 2
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Afier program segment 112 completes its calculations it
passes control 10 program segment 114 by way of signal path
132

Program segment 114 calculates maximum shear strain
from; ¥,...=€p—€o. The compietion of the calculations of
program segment 114 corresponds to the completion of the
routines 94.

Practice of the Invention

In the practice of the invention. testing was performed
using the double-sensor extensometer 22 of FIG. 2 and the
results 134 are shown in FIG. 14 represented by plots 136.
138, 140 and 142. FIG. 14 illustrates pilot results obtained
from a double-sensor extensometer 22 mounted in an acrylic
specimen, with a surface-mounted strain gage output plotted
as a comparison. FIG. 14 has a Y axis indicated in micros-
train (pe). and an X axis indicated by load condition
ON-25N-ON (where N=Newtons). The positive-siope and
negative-slope regions of each of the plots 136. 138. 140 and
142 along the X-axis of FIG. 14 respectively represent
loading and unloading conditions. The specimen was sub-
jected to cantilevered bending.

Plot 136 represents the predicted sirain at the surfap2
obtained from the double-sensor extensometer 22, such as at
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the surface of the calcaneus I4of FIG. 1(A). Plot 138
represents the measured strain at the surface obtained with
a surface-mounted metal-foil strain gage known in the art.
Plot 140 represents the measured strain at the double-sensor
extensometer’s 22 inboard sensors. that is the one closest to
the specimen surface. Plot 142 represents the measured
strain at the double-sensor extensometer’s 22 outboard
sensor. that is the one furthest away from the specimen
surface.

From the pilot study summarized by FIG. 14. in particular
from plots 136 and 138. it is seen that the practice of the
present invention provides measurement of the strains which
occur in planes which do not contain sensors. This technique
could be used to estimate strains occurring within a
specimen. such as bone.

It is understood that the invention is not limited to the
specific embodiments herein illustrated and described but
may be otherwise without departing from the spirit and
scope of the invention. Although the capacitive delta exten-
someter has been described for use to provide in vivo
measurements of bone strain, it should be recognized that
strain measurements in other materials. for example. porous
metals. plastic and ceramics. where surfaces with high
porosity make it impractical (o use surface-mounted strain
gauges are contemplated by the pracuce of the present
invention,

It should now be appreciated that the practice of the
present invention provides various embodiments of capaci-
tive sensors that can measure the in vivo strain encountered
by the bone of a mammal. such as a human being.

What 1 claim is:

1. A capacitive extensometer adapted to be inserted into
the bone of a mammal system for sensing the in vivo strain
of said bone. said exiensometer comprising:

(a) three pins adapted to be inserted into said bone: and
(b) six (6) capacitive sensors mounted across said three
pins and each providing a variable capacitance whose
value is varied by the strain to which said bone is
subjected. wherein said six (6) capacitive sensors are
grouped into pairs with each pair being arranged on a
five (5) sided member having a sensor face along which
said pair is attached and spaced apart from each other.

2. The capacitive exiensometer according to claim 1.
wherein there are three five (5) sided members which are
arranged so that three pins are each positioned at an apex of
an equivalent triangle.

3. The capacitive extensometer according to claim 1.
wherein said six (6) sensors are grouped into three pairs with
each of the three pairs attached 1o said sensor face of three
respective five-sided members and each of the attached pair
is oriented 120 degrees from each other.

4. The capacitive extensometer according to claim 3.
wherein each of said six (6) sensors generates an electrical
signal.

5. The capacitive extensometer according to claim 4.
wherein each elecinic signal is received by a senal arrange-
ment comprising an amplifier and analog-to-digital con-
verter. :

6. The capacitive extensometer according to claim 5.
wherein said serial arrangement further comprises a linear-
izing circuit and a low pass filter interposed between said
amplifier and said analog-to-digital convener.

7. The capacitive extensometer according to claim 6.
wherein said electrical signal after passing through said
serial arrangement is delivered to a processor.
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